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A multitude of observed boron-based materials have outstanding superconducting, mechanical, and
refractory properties. Yet, the structure, the composition, and the very existence of some reported
metal boride (M-B) compounds have been a subject of extensive debate. This density functional
theory work seeks to set a baseline for current understanding of known metal boride phases as well
as to identify new synthesizable candidates. We have generated a database of over 12,000 binary
M-B entries for pressures of 0 and 30 GPa producing the largest scan of compositions and systems in
this materials class. The 175 selected crystal structures include both observed prototypes and new
ones found with our evolutionary ground state search. The metals considered are: Al, Ag, Au, Ba,
Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Hf, Hg, Ir, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, Os, Pd, Pt, Rb, Re,
Rh, Ru, Sc, Sr, Ta, Tc, Ti, V, W, Y, Zn, and Zr. Based on the formation energy calculated at zero
pressure and temperature 4 new M-B phases or structures have been predicted, while a number of
previously reported compounds have been shown to be unstable. At 30 GPa, changes in the convex
hulls are expected to occur in 18 out of 41 M-B systems, which is used to indicate regions of the
periodic table (for metal borides) that require further investigation from the community. Analysis of
the collected information has revealed a nearly linear relationship between the magnetic moment per
atom and the metal content for all the Fe-B, Co-B, and Ni-B structures within 0.15 eV/atom of the
stability tie line. Both GGA-PBE and LDA-PW functionals were used to provide an understanding
of the systematic error introduced by the choice of the exchange-correlation functional.
I. INTRODUCTION
Boron forms compounds with nearly all metals and de-
fines a remarkable variety of morphologies in compounds,
including 3D polyhedron frameworks, 2D nets, and 1D
chains1,2. The richness and the complexity of metal
boride structures can be traced back to the behavior of
pure boron. Namely, the tendency of the second-row
element to form covalent bonds sets boron apart from
the neighboring nearly-free-electron metals in the peri-
odic table, such as magnesium or aluminum3. At the
same time, the three valence electrons are insufficient to
fill up all the bonding states in stable covalent structures
adopted by tetravalent elements, such as carbon or sili-
con3. The resulting frustration makes boron a metalloid
with arguably the most complex non-magnetic elemental
ground state under normal conditions4–6. For example,
the stability of the known ambient-pressure α-B and β-
B polymorphs along with the recently discovered high-
pressure γ-B polymorph has been subject of numerous
recent studies4–8.
Not surprisingly, mixing boron with metals of differ-
ent size and valence has created a large class of inorganic
compounds with diverse mechanical and electronic prop-
erties, some of which have been uncovered only in recent
years9–14. The most striking example is the 2001 dis-
covery of a phonon-mediated superconducting transition
in a well-known binary compound, MgB2, at a record-
breaking 39 K10. The research generated by this break-
through has identified unusual non-centrosymmetric su-
perconductors (Li2(Pd,Pt)3B
11,12,15,16 and Ru7B3
13)
and has led to a number of predicted conventional su-
perconducting boron-based materials (LixBC
17, LiB18,19,
Li-TM-B19, and Fe-B5). One of the proposed new ma-
terials, FeB4, has been synthesized recently and ap-
pears to be the first superconductor designed entirely
on the computer14. Due to the super hardness of pure
boron21, metal borides have also attracted attention as
candidate cheap hard materials22. ReB2
23 and CrB4
6
have been suggested to have unusually high hardness,
but further investigations have indicated that they are
not super hard25–27. A lot of recent work has been
dedicated to related transition-metal borides, such as
WB3/WB4
28–32 and the Mo-B system33–35. The chem-
ical inertness and low volatility of metal borides have
also allowed for their commercial use as refractory mate-
rials36, thermionic emitters37,38, and steel strengthening
agents39. It is worth noting that the strongest permanent
magnets include a small amount of boron in a complex
Nd-Dy-Fe-B compound 40.
Over the last decades the techniques used to investi-
gate metal boride structures have varied greatly. Lead-
ing up to and during the 1960’s a majority of the known
metal borides were synthesized for the first time41–43.
Development of chemically intuitive semi-empirical elec-
tronic structure methods during the 1970’s and 1980’s
has been instrumental for building structural and bind-
ing models for selected compounds. Examples include
the studies of the La and Y hexaborides44, Mn and
Cr tetraborides45, and several other Cr borides46. Ad-
vances in density functional theory (DFT)47–49 during
the 1990’s into the 2000’s enabled characterization of ma-
terials through systematic calculations of their stability
across the periodic table. For example, Oguchi 50 stud-
ied binding trends for the AlB2 prototype, while Kol-
mogorov and Curtarolo 51 rationalized the stability of
several metal boride structures.
ar
X
iv
:1
31
0.
41
57
v2
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 2 
Oc
t 2
01
4
2Screening large libraries of known crystal structures
and various compositions has emerged as an increasingly
popular approach to not only identify new materials, but
to also check the reliability of DFT-based methods52–57.
Curtarolo et al. 52 showed that formation energy evalu-
ated with DFT at zero temperature is a reliable criterion
for compound existence giving a 92.4% agreement (97%
with experimental error removed) with experiment for 80
binary metal systems. A number of computational frame-
works have been developed, such as AFLOW58 or the
Materials Project55, that enable high-throughput screen-
ing of available inorganic databases for new materials
with targeted properties59.
Other search techniques seek to identify new stable ma-
terials crystallizing in yet unknown configurations. The
problem of global crystal structure optimization (from
scratch) has been addressed with the introduction of such
approaches as evolutionary algorithms 60–63, minima
hopping 64–66, random searches 67, or particle swarm op-
timizations68,69. Ground state searches for large systems
are typically carried out at fixed compositions due to high
computational cost, although variable-composition opti-
mization has also been proposed70. Meredig and Wolver-
ton 71 have developed techniques, called FPASS, to com-
bine the experimentally known properties of structures
such as space group and lattice constant with evolution-
ary algorithms to determine the atomic structure of un-
refined powder diffraction files. Synthesis and charac-
terization of complex high-pressure phases of B72,73 and
CaB6
4 have illustrated (i) the advantages of the evo-
lutionary approach to constructing large ground states
from scratch and (ii) the considerable benefits of incor-
porating prior structural information into the searches.
Complementary ground state searches at selected com-
positions beyond the known prototypes have been per-
formed in several detailed studies of binary M-B sys-
tems. Some of the predictions have already been con-
firmed, such as the incompleteness of the previous struc-
tural model of the known CrB4 compound
5,6,75 and the
existence of a new FeB4 material (meta)stable under nor-
mal conditions5,14,75, while others are awaiting confirma-
tion, such as the possibility of new Li-B18,76,77, Fe-B5,75,
Mo-B34, W-B32, and Ca-B4,7 phases under ambient or
high pressures.
The next natural step in the investigation of this
class of materials is a systematic scan of all relevant
metal-boron binary systems with a combination of high-
throughput and evolutionary-type calculations. The gen-
eration of the largest ab initio database for metal borides
has given us an opportunity to (i) identify new stable
candidate materials for further investigation; (ii) estab-
lish trends across M-B systems and compositions; and
(iii) expand the series of benchmark studies52–57 that re-
veal the current capabilities of DFT-based methods for
guiding materials research. Known metal boride struc-
tures found in the Inorganic Crystal Structure Database
(ICSD)79 were considered along with new structures gen-
erated from our evolutionary search. The studied set of
s-p and transition metals is: Al, Ag, Au, Ba, Be, Ca, Cd,
Co, Cr, Cs, Cu, Fe, Hf, Hg, Ir, K, La, Li, Mg, Mn, Mo,
Na, Nb, Ni, Os, Pd, Pt, Rb, Re, Rh, Ru, Sc, Sr, Ta, Tc,
Ti, V, W, Y, Zn, and Zr. We carried out calculations at
both ambient (0 GPa) and high (30 GPa) pressure. The
value of 30 GPa was chosen to bracket the pressure range
of up to ∼25 GPa in which facile materials synthesis can
be carried out with multi-anvil cells. In addition, materi-
als with a certain degree of covalent bonding synthesized
under such moderate pressures have been known to re-
main metastable once quenched down to normal condi-
tions (γ-B7, CaB6
4, FeB4
14,75). The combined library of
175 structure types calculated for 41 M-B systems under
at least 2 pressures contains over 12,000 entries.
We would like to stress that the set of identified more
stable phases at selected compositions, especially under
high pressures, are not necessarily the ground states:
the aforementioned examples on CaB6
4,7, WB3/WB4
28,32,80, and FeB4
5,14 have illustrated that reliable de-
termination of materials ground state requires an enor-
mous number of calculations. In particular, our de-
tailed studies of individual M-B systems4,5,57,75 showed
that the vibrational entropy term in Gibbs energy calcu-
lated at elevated temperature can noticeably affect the
zero-temperature relative stability and shift the pressure-
induced phase transformations by a few GPa. Therefore,
we view our findings as a guide for future comprehensive
studies of select systems. We also note that since this
paper overviews work on metal borides carried out over
the last 60+ years, it was necessary to place an empha-
sis on referencing larger reviews of the materials systems
(such as Massalski et al. 9 , Rogl et al. 81 , Rogl and Schus-
ter 82 , Rudy 83) over studies of individual materials.
II. STRUCTURE DETERMINATION METHODS
The structures considered within this work were de-
termined in two ways. The first one was a scan of the
Inorganic Crystal Structure Database (ICSD) 79 for rel-
evant metal-non-metal structure types, critical assess-
ment of available M-B binary phase diagrams9 , and an
overview of recently published studies on individual M-
B systems. Since the presence of (meta)stable B-rich
intercalated compounds or M-rich alloys rarely affects
the stability of ordered M-B compounds away from the
edges of the phase diagram, we did not consider MxB1−x
phases with compositions x < 0.08 or x > 0.85. The sec-
ond approach was to perform evolutionary ground state
searches for selected fixed compositions with Module for
Ab Initio Structure Evolution (MAISE)4 software code
developed by the authors. The unconstrained optimiza-
tion was seeded with both random and known structures.
Due to the considerable computational cost of density
functional theory (DFT) calculations, the evolutionary
searches were carried out for a small set of chosen com-
positions primarily to investigate existing discrepancies
between experiment and theory (i.e. W-B). For a list of
3compositions see the Supplemental Material84.
Nearly all of the collected 175 structures in our library
have been considered for each M-B system. The few ex-
ceptions were very large structures, over 40 atoms per
unit cell, that were clearly unnatural for certain metal
classes. For example, our selected tests showed that
complex ground states in alkali and alkaline-earth metal-
boron systems had very large positive formation energies
for TM-B binaries. The resulting database has been gen-
erated in a high-throughput fashion using the MAISE-
based framework described in the Supplementary Mate-
rial84.
Following the determination of structures relevant to
M-B systems these structures were studied with DFT.
For this study the thermodynamic stability due to phase
separation of each material composition was determined
through a construction of the convex hull for each M-B
system. The enthalpy of formation per atom (HMnBmf )
for each system was determined using:
HMnBmf = (Htot − nµM −mµB)/(n+m). (1)
Here Htot is the total enthalpy of the material composi-
tion, n is the number of M atoms, m is the number of B
atoms, µM is the chemical potential of the lowest energy
bulk metal phase, and µB is the chemical potential of
α-B for 0 GPa and γ-B for 30 GPa. For a discussion on
our selection of α-B for 0 GPa see the authors previous
work5. The HMnBmf is then used to construct a con-
vex hull with the stable (metastable) structure defining
(being 20 meV/atom above) the corresponding tie line.
These determined stable and metastable structures are
then compared to literature and the ICSD to determine
discrepancies between experiment and computation.
III. CALCULATION METHODS
All of the energy calculations and structural opti-
mizations, including those within the MAISE software,
were performed using the ab initio software VASP85.
The MAISE evolutionary search settings were similar to
those described in our previous studies5,7. The projector
augmented-waves49 formalism was used to treat the core
electrons. All the compounds considered in this study
were calculated using the GGA-PBE47 exchange corre-
lation functional. The resulting stable and metastable
compounds were then calculated using the LDA-PW48
functional. Finally, a few select systems were verified
with ultrasoft potentials86. For a majority of the sys-
tems the stability or metastability of a compound as de-
termined with the two functionals were the same. The
specific differences found between the GGA and LDA re-
sults are discussed in more detail in Section VI. The same
potentials are used regardless of the pressure considered.
A plane wave basis set with an energy cutoff of 500 eV
was used with a dense Monkhorst-Pack k-point mesh87,88
selected specifically for each structure. Formation ener-
gies are expected to be numerically converged to within
1-2 meV/atom. The stress tensor is optimized to the
value of the specified pressure (0 GPa of 30 GPa). Com-
pounds containing the five magnetic elements (Cr, Mn,
Fe, Co, Ni) were calculated both with and without spin
polarization. The known antiferromagnetic elements (Cr
and Mn) were also treated with antiferromagnetic initial
conditions. The antiferromagnetic initial conditions were
constructed by identifying planes in each of the a1, a2,
and a3 directions and alternating the spin either within
a plane or between neighboring planes. For compounds
with odd number of magnetic elements super cells of the
form 2x2x1 were created to allow for in-plane spin varia-
tion. For the Sc-B system phonon calculations were per-
formed to determine the dynamic stability of the cF52-
ScB12 (SG#225) phase. We used the finite displacement
methods in the PHON89 code for these calculations.
IV. RESULTS AND ANALYSIS
The calculations of the 41 metal boride systems found
that around 191 stable phases and that 184 metastable
phases exist. The formula, formation energy, stability
(distance to the tie line), and Pearson symbol for both
the GGA-PBE and LDA-PW functionals are shown in
Tables II (stable compounds) and III (metastable com-
pounds). The Wyckoff positions of the stable structures
(and select metastable structures) are in the Supplemen-
tal Materials84. The metal-boride systems were analyzed
for both ambient (0 GPa) and high (30 GPa) pressures.
The changes between 0 GPa and 30 GPa manifest both
as same composition phase transitions or as known/new
compositions becoming stable/unstable due to phase sep-
aration. Individual analysis of how the M-B systems
change with pressure is discussed in Section VI. We have
also adopted the following naming convention: a system
denotes a combination of elements, a compound specifies
a material at a particular composition, a structure (type)
represents a unit cell and atomic positions for unspecified
elements, and a phase corresponds to a compound in a
particular structure.
Generation of the large datasets at the two pressures
made it possible for us to examine pressure-induced
changes in the number or type of stable compounds
across the whole set of considered metal boride systems
as shown in Fig. (1). It should be noted though that the
selective application of the evolutionary searches dispro-
portionately increased the likelihood of identifying new
stable phases under pressure at the studied compositions,
e.g, in the Ca-B system. One can distinguish three sets of
metal-boron systems showing similar response to applied
pressure. For the alkali-metal block, we observed not only
an increased number of stable borides under higher pres-
sure but also phase transformation of all stable ambient-
pressure compounds with the exception of tP136-Li3B14.
For the columns IIIB-IVB in the TMs, we did not see
any phase changes or change in number of stable phases
between the two pressures except for La, which had one
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FIG. 1: The elements considered in this M-B structure study.
Included with each (non-B) element is the number of stable
phases at 0 GPa (lower left) and 30 GPa (lower right) for
the corresponding M-B system. B is in green (bold), while
blue (italic) represents systems with new phases or structures
predicted in this study.
more stable compound at 30 GPa. For the columns IB
and IIB in the TMs, there were no stable compounds at
either pressure. In contrast to the three sets, the alkaline-
earth and columns VB-VIIIB in the TMs did not exhibit
common distinguishable trends within themselves. These
metal-boron systems were found to have many compet-
ing phases which made it difficult to determine the convex
hull, let alone count the pressure-induced phase changes.
The finite-temperature contributions and DFT system-
atic errors are likely to have the most impact on the rel-
ative stability of close lying phases in these systems and
should be investigated in future studies.
In order to rationalize the stability of individual com-
pounds we performed a meta-analysis of the formation
energies of all the stable compounds at ambient pres-
sure. Figs. (4-8) show the collection of all individual
M-B tie lines and reveal clear general trends in stability
as a function of the metals electron count. The forma-
tion energies of the compounds in each system starts low
for metals with a low valency and decreases in formation
energy (becoming more stable) until the metals with a
valency of 4 electrons (Ti, Zr, and Hf) is reached after
which the formation energy increases until no stable sys-
tems exist for columns VB-VIIIB transition metals. This
demonstrates that metal boride systems with metals that
are closer to column IVB are more stable with the metals
furthest from N=4 being unstable. Fig. (2) shows the
tie lines of each system combined by column in the peri-
odic table valency and plotted versus formation energy.
The plot shows that the instability of noble metal borides
observed previously for selected layered structures50,51 is
a more general trend holding for a much larger set of
configurations. It is worth noting that the Cs-B and Rb-
B systems do not contain stable compounds at ambient
pressures. It is expected to be caused by the large atomic
size of Cs and Rb, which is supported by the existence
of stable structures for Cs and Rb at higher pressures
due to compression of boron frameworks around the large
atoms.
Interestingly, the Pt-B system has been found to be
the only considered M-B binary that destabilizes at ele-
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FIG. 2: Tie lines of each metal boride system at P = 0 GPa
versus the electron count (column in the periodic table) of the
metal. A minimum formation enthalpy is observed for N =
4.
vated pressures. We have checked that the finding is not
sensitive to the choice of the exchange-correlation func-
tional (GGA or LDA) or the pseudo-potential (PAW or
ultrasoft86), i.e., in all these cases the Pt-B compounds
under pressure show reduced magnitudes of formation
enthalpy. Explanation of this puzzling result will require
further study.
Another interesting trend observed within this large
data set was a nearly linear relationship between the
magnetic moment per atom and the metal content above
a certain saturation point for the considered ferromag-
netic TM-B systems (TM = Fe, Co, Ni) , as seen in Fig.
(3). Only relevant structures with negative formation en-
thalpy and within 0.15 eV/atom of the convex hull were
taken into account to exclude unrealistic configurations.
The decrease in the metal concentration is expected to
result in the decrease in the magnetic moment per atom,
but the well-defined linear trend is rather surprising given
the large variety of structural morphologies in the con-
sidered structure set. In fact, we did not observe such
a clear correlation when we examined (i) the magnetic
moment per metal atom as a function of composition;
(ii) the magnetic moment per atom as a function of the
metal-metal distance; or (iii) the antiferromagnetic mo-
ment per atom for any of the Cr, Mn, Fe, Co, Ni - B
systems. The saturation point is seen to increase from
20% metal for Fe to 50% for Co and 75% for Ni. It must
be noted for Ni that the limited amount of structures
above 80% metal content reduces the size of the dataset.
However, the results are still consistent across the Fe-Ni
set.
The observed correlation can be helpful for the rational
design of material properties. For example, the theoret-
ical and experimental results indicate that the recently
discovered FeB4 compound is likely a phonon-mediated
superconductor. The finding is unusual considering that
5irons strong itinerant magnetic moment either prevents
the superconducting transition altogether or defines it
through spin fluctuations90. In case of FeB4, the ob-
served Tc of 3 K was much lower than the calculated value
of 15-20 K. The original superconductivity calculations
indicated that the phonon-mediated Tc would be partic-
ularly sensitive to the electron count due to the sharp
drop of density of states (DOS) near the Fermi level. If
the phonon-mediated scenario is correct electron doping
of FeB4 with Co or Ni should increase the Tc consider-
ably by moving the Fermi level into the high DOS peak
while not making the compound magnetic, according to
Fig. (3).
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FIG. 3: A plot of the magnetic moment per atom (boron and
metal) versus the metal content of all structures considered
with a negative formation energy within 0.15 eV/atom of the
tie line for Fe (triangles), Co (squares), and Nickel(circles).
Increasing the cutoff energy above 0.15 eV/atom increases the
noise of the data sets without greatly effecting the resulting
fits, especially for the 33% and 50% compositions, where many
structure types were studied. The fits to these data sets are
red for Fe, blue for Co, and green for Ni.
This extensive study of metal borides has identified
several new phases at ambient pressure and many new
ones at high pressure. The recently proposed and con-
firmed phases in our previous studies4–7,51 are briefly
discussed here but not referred to as new. Considering
that the vast majority of experiments have been car-
ried out under normal conditions, our comparison anal-
ysis has been dedicated primarily to ambient-pressure
metal borides. Nevertheless, the lattice parameters and
Wyckoff positions of all stable and selected metastable
calculated materials are included in the Supplemental
Material84 for both 0 GPa and 30 GPA. 4 previously
unreported phases at 0 GPa have been calculated to be
stable with respect to phase separation. The new am-
bient pressure materials are summarized in Table I and
classified based upon whether they are a new compound
and whether they are new (from MAISE) or previously
known structures. Here we discuss these newly predicted
structures.
TABLE I: The stability of the newly predicted materials by
functional and whether the composition is new and whether
the structure was previously known. The distance to the tie
line dH is negative if the new structure is more stable.
Material Compound Structure dH (meV/atom)
(GGA/LDA)
mP20-MnB4 Known New (-2 / -2)
oS20-Ta2B3 New Known (-2 / -7)
mS28-Ni5B2 New Known (-4 / +3)
tP16-NaB3 New Known (+6 / -3)
The exact structure of MnB4 has remained a puz-
zle ever since the synthesis of the compound in 197091.
It has been argued45,92,93 that the structure should be
a monoclinic distortion of an oI10 (SG#71) configura-
tion originally proposed for CrB4
94. Our previous work
demonstrated that the oI10-CrB4 (SG#71) and oI10-
FeB4 (SG#71) phases are dynamically unstable
5,75 and
later experiments confirmed the derived lower-symmetry
oP10 (SG#58) phase14,27,95. Here, the oI10 → oP10 dis-
tortion was found to lower the energy of MnB4 as well
(by 10 meV/atom). Additional evolutionary searches
have produced even more stable configurations related
to oI10, e.g., an antiferromagnetic oF80-MnB4 (SG#43)
phase 6 meV/atom below oP10. A new non-magnetic
mP20 (SG#14) structure, 8 meV/atom below oP10, is
proposed to be the ground state structure for MnB4. The
monoclinic structure of MnB4 was recently independently
described by Bykova and co-authors based on unpub-
lished single crystal X-ray diffraction data96. Table I in
the Supplemental Material84 contains the cell parameters
and Wyckoff position of this compound.
Three additional compounds are proposed here in the
Ta-B, Ni-B, and Na-B systems (see Supplemental Ma-
terial for cell sizes and Wyckoff positions84). The oS20-
Ta2B3 (SG#63) phase of the V2B3 prototype is seen just
below the tie line (by 2 meV/atom) defined by hP12-
TaB2 (SG#194) and oI14-Ta3B4 (SG#71)
97,98. We
noted an unusual sensitivity of the relative energy of
competing TaB2 polymorphs to the choice of the DFT
approximation: hP3 (SG#191) is below hP12 by 15
meV/atom in the GGA while hP12 is below hP3 by 12
meV/atom in the LDA (and literature 98,99). However, in
both cases oS20-Ta2B3 (SG#63) appears as marginally
stable. The proposed Ni-B compound is mS28-Ni5B2
(SG#15), 4 meV/atom below the tie line defined by
tI12-Ni2B (SG#140)
100 and oP16-Ni3B (SG#62)
101 in
the GGA and 3 meV/atom above the tie line in the
LDA. Considering the (near) stability shown with the
two functionals, the compound is a viable candidate to
exist. The identified new tP16-NaB3 (SG#127) phase
(of the tP16-Li2B6 prototype) is calculated to be stable
with the LDA functional at 3 meV/atom below the tie
line defined by oS46-Na3B20 (SG#65) structure and bulk
Na. However, the GGA-PBE functional calculates NaB3
to be 6 meV/atom above this tie line.
6Along with these newly proposed compounds we were
able to confirm another compound that was recently pro-
posed in literature. Liang et al. 32 used an evolution-
ary search for the WB3 composition and found an hR24
(SG#166) structure to be more stable than the hP16
(SG#194) structure previously considered28,30,31,80. Our
calculations based on both high-throughput and evolu-
tionary searches confirm that the hR24 structure is 8
meV/atom more stable than the hP16 structure. In fact,
this structure is one of the three metastable ones that was
predicted by Zhang et al. 34 in 2010 during their detailed
evolutionary search of the Mo-B system. The Mo-B and
W-B systems are discussed in more detail in Section VI.
This study also provides evidence against both theoret-
ically and experimentally predicted/reported structures.
Both hP3-AuB2 (SG#191) and hP3-AgB2 (SG#191)
phases have been reported102. However, the stability
of these structures has been questioned either due to
the difficulty of synthesis and the instability over ex-
tended periods103,104 or due to positive formation ener-
gies51. Our calculations demonstrate that none of the no-
ble metal - boron systems contain any stable phases. An-
other reported phase we found unstable was mP16-NiB3
(SG#14) proposed by Caputo et al. 105 . The mP16 struc-
ture, generated from the parameters in Ref.105, relaxed
by 283 meV/atom in our VASP calculations, but its final
formation energy remained positive at 0.132 meV/atom.
Our evolutionary search at the NiB3 composition iden-
tified a considerably more stable mS32 (SG#12) struc-
ture, 179 meV/atom below mP16, but still 77 meV/atom
above the tie line. Finally, tP20-RbB 4 (SG#127) (of the
UB 4 prototype) has been predicted as a previously unob-
served stable phase106. However, our calculations show
this structure to be unstable with a positive formation
energy of 0.253 eV/atom.
The overall correspondence between the calculated and
observed sets of stable compounds is rather difficult to
quantify. If we compare the number of experimentally
seen phases (excluding intercalated compounds, those
that are too large to be simulated with DFT, and high
temperature or high pressure polymorphs) with the num-
ber of phases that are calculated with either LDA or
GGA to be stable we see that 75.5% of the experimen-
tal phases are stable in the DFT. The number increases
to 77.2% if we also include, as in Ref.52 , the agreement
between observed and calculated immiscibility. Each of
the 8 immiscible systems correctly found to be immisci-
ble was counted, conservatively, as one hit (Au and Ag
are considered as immiscible systems due to the lack of
a reported stable structure in the literature). However,
this number might not accurately reflect the discrepan-
cies between our DFT calculations and experiment be-
cause there are 4 newly predicted phases here. Therefore,
if we instead track the number of discrepancies between
theory and experiment and divide it by the total number
of compounds (those reported experimentally and those
newly predicted here) the agreement rate is 76.3%. It is
important to note that both experiment and computation
contribute to the error in this agreement rate. There-
fore, to gain a better understanding of the computa-
tional error, we removed the discrepancies that deviated
from the tie line by more than 50 meV/atom. Since this
cutoff is higher than the expected numerical/systematic
errors and the missing finite temperature contributions,
these disagreements are likely due to formation of truly
metastable phases or errors in the interpretation of the
experimental data. This adjustment increases the agree-
ment rate to 83.6%. When the experiment is similarly
compared to just GGA (LDA) the percentage is 79.6%
(81.6%).
The estimated agreement rate of 83.6% (75.2%) ob-
tained for the metal borides excluding (including) non-
computational discrepancies is lower than the corre-
sponding value of 97.3% (92.4%) reported by Curtarolo
et al. 52 for 80 metal alloys. The lower agreement per-
centage seen in this metal boride study is not unex-
pected considering that (i) the synthesis/characterization
of metal borides is complicated by their structural com-
plexity and high melting temperatures and (ii) the DFT
errors for materials relative stabilities are more likely to
cancel out for metal alloy structures, which have more
closely matched charge densities.
V. CONCLUSIONS
In summary, the resulting dataset for ambient-pressure
s-p and TM boride systems:
• demonstrates that the formation energy of the sta-
ble compounds of a system is lowest for metals with
a valence of 4 with the stability of the systems de-
creasing on either side of this valence until the noble
metals are completely unstable;
• demonstrates a linear relationship between the
magnetic moment per atom and the metal content
for the ferromagnetic Fe, Co, and Ni-based com-
pounds with negative formation energy within 0.15
eV/atom of the system’s tie line; the linear fits give
20%, 50%, and 75% as minimal values of the Fe,
Co, and Ni content for the relevant compounds to
be magnetic;
• includes one proposed new mP20-structure
(SG#14) (as the true ground state of MnB4)
and three new candidate compunds (oP10-Ta2B3
(SG#63), mS14-Ni5B2(SG#15), and tP16-NaB3
(SG#127));
• serves as a benchmark for the DFT calculations of
crystal structure stability of 83.6% agreement be-
tween calculated and expected stable metal borides.
• singles out Pt-B as the only considered system with
pressure-induced destabilization of binary com-
pounds.
7Finally, this study illustrates the need to go beyond
the perviously known structures to correctly character-
ize each of the metal boride systems and to search for new
materials. The study of column VB-VIIIB TM borides
at ambient pressure is a strong example of this. However,
it is within the high pressure regime that opportunities
for the discovery and prediction of new materials are par-
ticularly likely.
VI. SYSTEM DESCRIPTIONS
A. s-p metals
The convex hulls for the alkali, and alkaline-earth met-
als are in Fig. (4), while the convex hull for Al is in Fig.
(5).
1. Li-B
Vojteer et al. 107 has stated that three phases of Li-B
have been well quantified with many other phases com-
positions being either undetermined or undeterminable.
The three quantified structures correspond to the Li2B6,
Li3B14, and LiB0.88 compositions. The boron frame-
work comprised of B6 octahedra in MnB6 is typically
stabilized by a single large metal atom per cP7 unit cell
(n = 1). Two small Li+ ions fit into each cavity caus-
ing the B2−6 units to rotate and break the cubic sym-
metry. The resulting tetragonal structure (SG#127) has
been observed to host Li in the 4h and 4f Wyckoff sites
with 0.80 and 0.20 occupancies, respectively108. As in
the study of Chepulskii and Curtarolo 106 , we simulated
the structure with the majority 4h sites fully occupied
and confirmed the stability of the tI16-Li2B6 (SG#127)
phase. The tI160-Li3B14 (SG#122) phase based on B8
and B10 units
109 has multiple Li sites with fractional oc-
cupancies of 0.50 or 0.40. We were able to retain the
3:14 composition in a tetragonal tP136 cell (SG#81) by
populating 50% of metal sites and picking an atomic ar-
rangement with the most natural Li-Li distances. The
simulated phase was found to be soundly stable without
the inclusion of the configurational entropy contribution.
Determination of the morphology and the exact compo-
sition of the nearly stoichiometric LiBx compound re-
quired a set of extensive studies discussed and performed
by Kolmogorov and Curtarolo 51 . The simplest proposed
representations of the linear boron-chain structure were
α-LiB110,111 and β-LiB112. However, the structural mod-
els are not suitable for interpretation of powder XRD
data as the fitting leads to unphysically short B-B dis-
tances. An insightful solution proposed by Wo¨rle and
Nesper in 2000111 was that the off-stoichiometry is a re-
sult of incommensurability of the B and Li sub-lattices.
A computational study of LiBx by Kolmogorov and Cur-
tarolo 51 illustrated that maximum stability occurs at
compositions close to x ≈ 0.90 in excellent agreement
with experiment. An established linear dependence be-
tween x and the easy-to-measure cLi−Li provided a sim-
ple recipe for monitoring the compound’s composition
and suggested that the x = 0.8 − 1.0 range of stability
is greatly overestimated. An unusual feature of the Li-
B phase diagram near the 1:1 composition is that LiBx
has a small but finite range of stability at T = 0 K and
may be changed post-synthesis113. The commensurate
hP15-Li8B7 (SG#187) representation of LiBx defines the
convex hull in this work.
At P = 30 GPa our DFT calculations show that 6
structures are stable. In agreement with our previous
study51, the region of LiBx stability shifts further away
from 1:1 with pressure and hP7-Li4B3 (SG#187) takes
the place of Li8B7. The tP136-Li3B14 compound retains
the same structure, while the hP15-LiB3 phase becomes
unstable and is replaced by the tI10-LiB4 (SG#139)
phase. Among the considered structures on the B- and
Li-rich sides, new oS28-LiB6 (SG#65) and oS12-Li2B
(SG#63) compounds become stable. The 1:1 ground
state is a previously proposed ’metal sandwich’ hP8-
LiB (SG#194) phase. This stoichiometric layered phase
was predicted to be a close superconducting analog to
MgB2
18. The first attempts to synthesize it were unsuc-
cessful, but recent computational studies77,114,115 have
reproduced the stability of the proposed ’metal sandwich’
phases at this pressure. The investigations of the Li-B
system under higher pressures77,114,115 have revealed a
number of interesting ground states across the full com-
position range.
2. Na-B
The Na-B system has had several phases sug-
gested including oS46-Na3B20 (SG#65)
116, oS28-NaB6
9,
NaB15
117, NaB16
9, and mS64-Na2B29 (SG#8)
118. How-
ever, Albert et al. 118 has shown that Na2B29 is the cor-
rect composition for the NaB15 and NaB16 compounds,
which are known to be stable at non-zero temperatures.
Moreover, they are intercalated structures so are not con-
sidered in our calculations. The NaB6 compound is now
known to only be stable with the inclusion of C to form
NaB5C
119,120 or as the oS46-Na3B20 (SG#65) phase
1,116.
Therefore, the stable Na3B20 compound seen here agrees
with the known experimental ground state. However,
our LDA calculations indicates a possibly stable phase,
tP16-NaB3 (SG#127), which is of the Li2B6 prototype.
The ambient-pressure oP23-Na3B20 phase becomes un-
stable at higher pressure giving way to the more common
nearby MB6 composition, implying that both C inclu-
sion and increased pressure can stabilize the NaB6 phase.
Also, at 30 GPa two other phases are calculated to be
stable, tP16-NaB3 (SG#127) and mP12-NaB2 (SG#10).
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FIG. 4: The tie lines and convex hulls of the alkali (Li through Cs) and alkali-earth (Be through Ba) metals. Circles are 0 GPa
calculations, triangles are 30 GPa calculations, and diamonds are 0 GPa reported experiments. Black shapes are stable, gray
shapes are unstable, and blue shapes are marginally-stable systems. Black labels are stable Pearson symbols from this work,
while red labels are the Pearson symbols from experiment. If the label corresponds to both this work and literature the label
is black.
93. K-B
Experimentally, the K-B system contains a single
phase, cP7-KB6 (SG#221)
121. This agrees with our
calculations, although the phase’s formation energy is
found to be barely negative (see Fig. 4). Application of
high pressure is expected to induce phase transformation,
as one of the metastable structures found with MAISE
for CaB6, oS28-(SG#65), stabilizes over cP7. Further,
two new phases form at 30 GPa, namely the hP16-KB3
(SG#194) and oS8-KB (SG#63). The oS8 structure has
a common morphology for this M-B composition com-
posed of linear B chains.
4. Rb-B
The Rb-B system contains no intermediate phases
as predicted in our calculations at ambient pressures.
However, at 30GPa oS46-Rb3B20 (SG#65), mS24-RbB2
(SG#12), and oS8-RbB (SG#194) are all seen to be sta-
ble.
5. Cs-B
The Cs-B system contains no intermediate compounds,
which matches our results. Within our calculations, at
P=30 GPa, mS24-CsB2 (SG#12) is the only phase ob-
served (for both pressures) to have a negative formation
energy after running an evolutionary search.
6. Be-B
The Be-B system is a complex system with many
metastable and uncertain phases9, especially within the
high boron content compositions. Walsh et al. 122
identified the following set of Be-B phases: cF12-
Be2B (SG#225), hP117-BeB2 (SG#191), tP196-BeB6
(SG#76), and possibly tP10-BeB4 (SG#129). Hermann
et al. 114 used ab initio techniques to explain the un-
certainty in the literature about the boron-rich Be-B
phases in the 20-33% composition range. They found
the BeB∼2.75 compound, represented as hP110-Be29B81
(SG#187), to be the most stable within this region with
other slight variations in stoichiometry possible due to
partial occupancy of Be sites. In agreement with the
follow-up paper of Hermann et al. 114 , we observe hP110-
Be29B81 to be the only stable Be-B compound with tP10-
Be4B (SG#129) and aP53-Be3B50 (SG#1) metastable
by 17 meV/atom and 1 meV/atom, respectively. We
also had constructed, using chemical reasoning, a cF12-
BeB2 (SG#216) phase with the diamond B
1− network
stabilized by the insertion of the small Be2+ cations,
which has been recently proposed by Hermann et al. 114
as the lowest-energy BeB2 structure at 0 GPa and sta-
ble at very high pressures115. However, our evolutionary
search at 0 GPa has uncovered a considerably more sta-
ble oS12 (SG#63) structure, 85 meV/atom below cF12
and only 13 meV/atom above the tie line. The new struc-
ture (see the Supplemental Materials84) is comprised of
hexagonal buckled B sheets with Be sitting above the
middle of a B hexagon in one layer and on top of a B-
B bond in another. The high-temperature cF12-Be2B
(SG#225) structure seen in the literature is unstable by
44 meV/atom in our calculations. At 30 GPa we calcu-
late that the hP110-Be29B81 structure is the only stable
structure in agreement with Hermann et al. 115 who pre-
dicted the first changes in the Be-B convex hull occurring
between 20 and 80 GPa.
7. Mg-B
The known Mg-B ground states are the hP3-
MgB2 (SG#191)
123, oP20-MgB4 (SG#62)
124, oI64-
MgB7 (SG#74)
125 phases, perfectly matching the calcu-
lated set. The theoretical metal sandwich structures18,51
were originally identified for the Mg-B system. Both
MgB and Mg3B2 composition with additional layers of
Mg are metastable at 0 GPa, and neither is stabilized at
higher pressures. Therefore, the only seen change at 30
GPa is that oP20-MgB4 becomes unstable.
8. Ca-B
The ambient and high-pressure Ca-B phases have been
systematically explored in recent studies4,7. Under nor-
mal conditions, cP7-CaB6 (SG#221) and tP20-CaB4
(SG#127) have been observed experimentally126–128.
Stability of CaB4 has been the subject of debate
129, but
the recent7,106 and the present calculations indicate that
the compound is thermodynamically stable at 1 bar.
Application of gigapascal pressure leads to the appear-
ance of a number of new ground states. At the 1:6
composition alone, the cP7 structure becomes dynami-
cally unstable and gives way to unexpectedly complex
oS56 (SG#63) and tI56 (SG#139) structures4. The lat-
ter was supported by powder XRD data and is one of
the largest structures found without any structural input
from experiment4. The most recent DFT analysis showed
that addition of B stabilizes the parent tI56-CaB6 phase
(SG#139) further7. One of the possible derived phases,
tP57-CaB6.125 (SG#123), could be the ground state for
pressures above 32 GPa7. At the 1:4 composition, the
metallic ThB4-type structure destabilizes with respect
to the semiconductive MgB4-type structure. New sta-
ble superconducting compounds appear at the 1:2 and
1:1 compositions7. Our resulting convex hull at 30 GPa
is defined by oS56-CaB6(SG#63), oP20-CaB4 (SG#62),
mS12-CaB2 (SG#71), and oI8-CaB (SG#74).
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9. Sr-B
The Sr-B system is known to contain the cP7-SrB6
(SG#221) compound130, as seen in our calculations
in Fig. (4i). The cP7-SrB6 (SG#221), tP20-SrB4
(SG#127), oI12-SrB2 (SG#71), and mS16-SrB (SG#15)
structures are all calculated to be stable structures at 30
GPa. Established correlations between the metal ion size
and the structure stability for boron-rich compounds7 in-
dicate that the large-size Sr and Ba ions will keep the
known cP7 structure stable up to at least 40 GPa with
respect to considered polymorphs.
10. Ba-B
The Ba-B system has been experimentally reported
to have cP7-BaB6 (SG#221) as its only stable com-
pound131. This matches the cP7-BaB6 (SG#221) phase
from our database at ambient pressures and 30GPa. As
discussed for Sr-B, the cP7 structure is particularly sta-
ble due to the large size of the Ba ion7.
11. Al-B
Al is the only considered non-alkali/alkaline-earth s-p
metal. Our Al-B convex hull is in Fig. (5), while the most
recent phase diagram is from Duschanek and Rogl 132 .
Observed Al-B phases include hP3-AlB2 (SG#191)
133,
oC88-AlB10 (SG#60)
9, tP216-AlB12 (SG#94)
132 (α),
AlB12 (SG#74)
9 (β), and oP384-AlB12 (SG#19)
9132
(γ). However, both AlB10, and β AlB12 are high tem-
perature phases9. Our calculations do not include the
AlB10+ structures due to our chosen limits on intercala-
tion. Therefore, we can only comment upon the stability
of hP3 structure, which appears stable at both ambient
and high pressures.
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B. Row 3 transition metals
The convex hulls of the 3d TMs are in Fig. (6).
1. Sc-B
The Sc-B system is known to have hP3-ScB2 (SG#191)
as a stable phase134, which agrees with our database.
ScB15 (SG#76) and ScB19−19.5 (SG#92) have been ob-
served experimentally135,136, but are not simulated here
due to the large sizes of the intercalated structures. At
the ScB12 composition, two related
9 intercalated struc-
tures have been reported: cF52-ScB12 (SG#225)
137 and
tI26-ScB12 (SG#139)
138. According to our calculations
at 0 GPa, cF52 is thermodynamically stable and its tI26
derivative relaxes back to the cubic configuration. At 30
GPa, cF52 is found to have multiple imaginary phonon
modes which makes the identification of nearby dynam-
ically stable derivatives a challenging problem as dis-
cussed in Ref.7. The proposed ’metal sandwich’ hP8
structure18,51 is only 16 meV/atom above the tie line at
0 GPa but becomes less stable at higher pressures. The
1:12 and 1:2 phases define the convex hull at 30 GPa as
well.
2. Ti-B
The Ti-B system is a well understood system with
three compounds reported. These oP8-TiB (SG#62)139,
oI14-Ti3B4 (SG#71)
9, and hP3-TiB2 (SG#191)
99 phases
all match well with those calculated in this study and
shown in the phase diagram of Nakama et al. 140 . The
phases remain stable at 30 GPa.
3. V-B
The V-B system is also a well understood system with
a large number of reported stable compounds. The
hP3-VB2 (SG#191), oS20-V2B3 (SG#63), oI14-V3B4
(SG#71), oS22-V5B6 (SG#65), oS8-VB (SG#63), and
tP10-V3B2 (SG#127) phases have been seen experimen-
tally99,141–147 and all agree with those obtained in our
database. The set illustrates nicely the evolution of the
boron bonding morphology from the flat 2D sheets in
VB2, to mixtures of strips and chains for the intermedi-
ate V-B compositions, to purely 1D chains in VB, and
finally to unlinked sites in V3B2. The perfect agreement
between theory and experiment can be attributed to the
cancellation of errors in the calculated relative stabilities
for the series of closely related structures. The set of
stable V-B phases is unchanged at 30 GPa.
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FIG. 6: The tie lines and convex hulls of the 3d TM (Sc through Zn). Circles are 0 GPa calculations, triangles are 30 GPa
calculations, and diamonds are 0 GPa reported experiments. Black shapes are stable, gray shapes are unstable, and blue shapes
are marginally-stable systems. Black labels are stable Pearson symbols from this work, while red labels are the Pearson symbols
from experiment. If the label corresponds to both this work and literature the label is black.
12
4. Cr-B
Our review of the Cr-B system reveals several discrep-
ancies between theory and experiment and highlights the
need for further analysis of some reported Cr-B composi-
tions. The theory-guided revision of the CrB4 structural
model illustrates the value of expanding crystal structure
searches beyond the known prototype databases. Ander-
sson and Lundstro¨m 94 synthesized CrB4 over 40 years
ago, and based on powder diffraction data, solved its
structure as oI10, which was used until very recently95.
Kolmogorov et al. 5 and Bialon et al. 75s calculations
showed oI10 (SG#71) to be dynamically unstable and
predicted a derived oP10 (SG#58) structure with a con-
siderably distorted boron network to be the true ground
state. The brand-new oP10 structure has indeed been
confirmed for CrB4 by recent experiments
6,27 (see the
Fe-B section for more related information). The tI32-
Cr5B3 phase reported in literature
148–150 is stable in our
database. However, CrB2 has been reported to adopt
the hP3 (SG#191) configuration (the AlB2 prototype
with flat boron layers)150,151, while our calculations indi-
cate that the structure is unstable by 70 meV/atom with
respect to hP12 (SG#194) (the WB2 prototype with a
mixture of flat and buckled boron layers). The major-
ity of literature on CrB reports an oS8 (SG#63) struc-
ture9,46,82,152,153 with the exception of Papesch et al. 154
who observed a tI16 (SG#141) structure. According to
our calculations, tI16 is the ground state with oS8 being
metastable by 10 meV/atom. The oI14-Cr3B4 (SG#71)
composition of the Ta3B4 prototype has been seen in lit-
erature9,155, but is found to be 22 meV/atom above the
tie line in our calculations matching the experimental ex-
pectation of it being a high temperature phase82. How-
ever, this structure becomes stable at 30 GPa within our
database. Originally, the Cr2B structure was reported
to be tI12 (SG#140)149, but has since been described
to be oF48-Cr2B (SG#70)
9,150,156. The latter structure
matches both the GGA and LDA calculations of this
study. Cr2B3 was reported by Okada et al.
46 as oS20
(SG#63), which is unstable (by 34 meV/atom) in our
calculations. It is worth noting that all of the stable
structures in the Cr-B system seen within our DFT cal-
culations were nonmagnetic. At 30 GPa, our calculations
show that mP20-CrB4 (SG#58), hP12-CrB2 (SG#194),
oI14-Cr3B4 (SG#71), tI16-CrB (SG#141), and oF48-
Cr2B (SG#70) are the stable phases.
5. Mn-B
The Mn-B system, just as Cr-B, contains a series of
discrepancies between theory and experiment that sug-
gest the need for further investigation. The most re-
cent reinvestigation of the full Mn-B system was from
Smid et al. 157 . The oF40-Mn4B (SG#70) phase re-
ported in Ref. 158 has since been described as a va-
cancy structure of orthorhombic Mn2B (SG#70)
9,159,160.
An additional high-temperature tI12 (SG#140) struc-
ture has been reported in the literature for the Mn2B
composition161. Our calculations support these experi-
mental findings placing the tI12-Mn2B (SG#140) poly-
morph 5 meV/atom above the oF48-Mn2B (SG#70)
ground state at T = 0 K. The calculated stability
of oP8-MnB (SG#62) is also consistent with experi-
ment158. However, the experimentally observed oI14-
Mn3B4 (SG#71)
158 phase is 45 meV/atom above the tie
line in our DFT calculations. The experimental hP3-
MnB2 (SG#191) (AlB2 prototype)
9,162 phase is also de-
termined to be unstable by nearly 100 meV/atom. The
hP6 (SG#194) (ReB2 prototype) structure is found to be
far more energetically favorable than hP3, in agreement
with previous DFT calculations 163, but it is not clear
whether or not hP6 is really stable being 20 meV/atom
above and 10 meV/atom below the tie line in the GGA
and the LDA, respectively. Our evolutionary search at
the MnB4 composition produced a new mP20 (SG#14)
structure which we propose to be the true ground state.
This finding appears to agree with the results of an inde-
pendent experimental study by Bykova and co-authors
based on unpublished single crystal X-ray diffraction
data96. Sections IV, Cr-B, Fe-B, and Ref.5 give more
information on the relationship between the other re-
lated mS10 (SG#12) 93, oI10 (SG#71)94, and oP10
(SG#58) 5,75 structures proposed for the MnB4, CrB4,
and FeB4/CrB4 compounds, respectively. At 30 GPa
mP20-MnB4 (SG#14), oP8-MnB (SG#62), and oF96-
Mn2B (SG#70) are stable in our study.
6. Fe-B
The Fe-B system has been overviewed and explored
in the author’s previous studies5,75. Two stable com-
pounds, oP8-FeB (SG#53) and tI12-Fe2B (SG#140),
appear in the experimental phase diagram164, but syn-
thesis of metastable FeB49
165, a solid solution of 5%
Fe in B (FeB19)
166, and Fe-C analogs, cF116-Fe23B6
(SG#225) and tI32-Fe3B (SG#82), have also been re-
ported39,167,168. In good agreement with experiment,
our DFT calculations indicate stability of tI12-Fe2B
(SG#140) and metastability of cF116-Fe23B6 (SG#225)
and oP16-Fe3B (SG#62) by 19 meV/atom and 18
meV/atom, respectively. Three phases of Fe3B, oP16-
Fe3B (SG#62) prototype Fe3C), tI32-Fe3B (SG#82)
(prototype Ni3P), and tP32-Fe3B (SG#86) (prototype
Ti3P), have been reported with the Fe3C prototype de-
termined to be a metastable phase, while the Ni3P and
Fe3P prototypes are high temperature phases
168. This
agrees with our results of 24 meV above the tie line for
tI32, 104 meV for tP32, and 18 meV for oP16. As dis-
cussed by Kolmogorov et al. 5 , two experimentally ob-
served FeB polymorphs, oP8 (SG#62) and oS8 (SG#63)
are slightly above (by at least 5 meV/atom) a tI16
structure in the GGA, but are favored (by at least 10
meV/atom) in the LDA. The evolutionary ground state
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search of Kolmogorov et al. 5 unexpectedly produced two
viable ground states at 1:2 and 1:4 compositions. The
predicted oP12 structure for FeB2 (SG#62) comprised
of B chains rather than B layers was found to be over 30
meV/atom below the α-B↔oP8-FeB tie line. The previ-
ously unobserved oP10 structure for FeB4 (SP#58) was
shown to be a high-T ground state and to have the poten-
tial to be a phonon-mediated superconductor. The two
proposed compact phases were shown to stabilize further
under high pressures75. The oP10-FeB4 phase has just
been synthesized under medium pressures and appears
to be the first realized superconductor designed entirely
on the computer5,14. This experimental study has also
led to the discovery of another new iron boride14, Fe2B7,
with a complex oP72 (SG#55) structure8,169, but our
calculations show that the compound is metastable by
about 10 meV/atom in the 0-30 GPa range. Ab initio
predictions of metastable compounds at such an unusual
composition and with such a large unit cell would have
been no less than an act of clairvoyance. Nevertheless,
the original DFT study5 indicated the likely existence
of new Fe-B compounds and successfully guided the ex-
periment to discovery of new materials in a seemingly
well-studied binary system.
At 30 GPa, the only change in the set of the ground
states is the stabilization of oP8-FeB over the compet-
ing oS8 and tI16 polymorphs. After initially gaining in
stability at pressures up to 20 GPa, P10-FeB4 eventu-
ally becomes less stable when the tie line is defined by γ-
rather than α-B.
7. Co-B
Our DFT calculations show that one compound, oP8-
CoB (SG#62)100, is stable in the Co-B system, while
references to two more additional compounds exist in the
literature. We found tI12-Co2B (SG#140)
171 and the
oP16-Co3B (SG#62)
100 phase to be unstable, but not far
from the tie line, by 25 meV/atom and 21 meV/atom,
respectively. The oP8-CoB (SG#62) compound is also
the only compound calculated to be stable at 30 GPa for
Co-B.
8. Ni-B
The compounds in the Ni-B structures match up fairly
well between those reported in literature and those cal-
culated to be stable here. Experimentally, both an or-
thorhombic and a monoclinic form of Ni4B3 have been
seen101, which is consistent with the calculated stability
of oP28-Ni4B3 (SG#62) and the metastability of mS28
(SG#15) (by 2 meV/atom). Malik et al. 172 discuss the
off-stochiometric nature of oP28 and the resulting stabil-
ity of mS28. The tI12-Ni2B (SG#140)
100 and the oP16-
Ni3B (SG#62)
101 reported phases match those from the
current study. At the 1:1 composition the oS8 (SG#63)
structure has been reported173. According to our calcula-
tions, the three competing structures, oS8 (SG#63), oP8
(SG#62), and tI16 (SG#141) are all metastable with the
oS8 structure being 5 meV/atom (1meV/atom) above the
tie line for GGA (LDA). The GGA calculations indicate
the possible stability of the new Ni5B2 compound with a
mS28 (SG#15) structure (metastable by 3 meV/atom in
LDA). Therefore, this composition is worth future inves-
tigation to determine whether the GGA or LDA calcu-
lations correctly predict the structure. Finally, Caputo
et al. 105 predicted a stable monoclinic NiB3 (SG#14)
structure through computational work based upon ex-
perimental work. As discussed in Section IV we do not
find the NiB3 structure suggested by Caputo et al.
105 to
be stable nor did we find another stable structure. At
30 GPa the newly predicted mS28-Ni5B2 phase is un-
stable, while the oS8-NiB, oP28-Ni4B3, tI12-Ni2B, and
oP16-Ni3B phases remain stable. At the Ni4B3 composi-
tion the metastable mS28 structure is destabilized to 15
meV/atom above oP28.
9. Cu-B
The Cu-B system contains no intermediate com-
pounds9. This matches with our results at both pres-
sures, which show all calculated structures have positive
formation energies.
10. Zn-B
No known intermediate compounds are found for the
Zn-B system9. This agrees with our convex hulls for both
0 GPa and 30 GPa which shows all formation energies are
positive.
C. Row 4 Transition metals
Fig. (7) contains the tie lines of the 4d TM.
1. Y-B
All known compounds in the Y-B system are
boron-rich. The hP3-YB2 (SG#191)
174, tP20-YB4
(SG#127)175, and cP7-YB6 (SG#221)
176 phases have
common M-B structures. Of these three phases, cP7-
YB6 was found to not be stable (at 31 meV/atom
above the tie line) within our calculations. The
set of intercalation compounds is comprised of cF52-
YB12
43,YB25
177,YB50
178, and YB66
179. Of these com-
plex phases, only cF52-YB12 (SG#225)
43 was consid-
ered, and it was found to be stable. No additional phases
are calculated to be stable at 30 GPa.
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FIG. 7: The tie lines and convex hulls of the 4d TM (Y through Cd). Circles are 0 GPa calculations, triangles are 30 GPa
calculations, and diamonds are 0 GPa reported experiments. Black shapes are stable, gray shapes are unstable, and blue shapes
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2. Zr-B
The Zr-B system contains two phases9, hP3-ZrB2
(SG#191)99 and cF52-ZrB12 (SG#225)
43. The hP3-
ZrB2 phase is stable in our calculations, while cF52-
ZrB12 is metastable (at 18 meV/atom above the tie line).
Rogl and Potter 180 discussed the metastability of both
oP8-ZrB (SG#62) and oI14-Zr3B4 (SG#71), which we
found to be in reasonable agreement with our calcula-
tions, which are 70 meV and 43 meV above the tie line
respectively. The ground state does not change at 30
GPa.
3. Nb-B
The Nb-B and V-B systems contain the exact same
set of stable structures noted in the V-B section to
display an underlying relationship across the compo-
sition range. The reported Nb-B phases, hP3-NbB2
(SG#191), oS20-Nb2B3 (SG#63), oI14-Nb3B4 (SG#71),
oS22-Nb5B6 (SG#65), oS8-NbB (SG#63), and tP10-
Nb3B2 (SG#127)
9,99,143,181–183 match our calculated
ground states at 0 GPa and remain stable at 30 GPa.
It is worth noting that Nb3B2 was reported
184 to pos-
sibly be vacancy- or surface-stabilized contrary to our
calculated result.
4. Mo-B
The Mo-B system has received a lot of recent atten-
tion due to the potential high hardness of related Mo-
and W-based borides31,34,35,185. Zhang et al. 34 per-
formed evolutionary searches at specific compositions
and found that the convex hull consists of known M-
B structures. After performing evolutionary searches
and large scans of known M-B structures, we have ob-
tained a matching set of the ground states. However,
not all of the calculated stable structures agree with ex-
perimentally observed ones. The reported tI12-Mo2B
phase (SG#140) 186 is not stable (at 20 meV/atom above
the tie line) within our calculations or those of Zhang
et al. 34 . Theory also indicates the stability of hR18-
MoB2 (SG#166)
34,35, while the only experimentally re-
ported (high-temperature) structure at this composition
is hP3 (SG#191)9,186. It is unlikely that temperature
effects could stabilize the hP3 structure found to be over
160 meV/atom above hR18 at zero temperature. The
hR21-Mo2B5 phase has been studied both experimen-
tally186 and theoretically33. According to our calcula-
tions and those of Zhang et al. 34 , the phase is unstable
by over 0.4 eV/atom and the lowest-energy structure at
the Mo2B5 composition (24 meV/atom above the tie line)
is hP14 (SG#194) suggested by Zhang et al. 34 . These
authors also found a metastable hR24 (SG#166) struc-
ture (13 meV/atom above the tie line in our calculations)
with an evolutionary search for MoB3
34, which matches
the structure predicted with an evolutionary search for
WB3 by Liang et al.
32 . This is not consistent with
the experimental observation of the hP16-MoxB3 phase
(SG#194)187 that appears unstable computationally34,35
(19 meV/atom above the tie line in our calculations).
One more metastable phase predicted by Zhang et al. 34
is hP10-MoB4 (SG#194) (8 meV above the tie line in our
database), energetically preferred over the previously re-
ported hP20-MoB4
188 phase, which is also dynamically
unstable34,35. Finally, two polymorphs of MoB, the α
tI16-MoB (SG#141)9,189 phase and the high temperature
β oS8-MoB-(SG#64) phase190,191, have been reported,
which agrees with the stability of the former and the
metastability of the latter (by 11 meV/atom) in our cal-
culations. The most recent phase diagram for Mo-B is
from Ref.82. It includes the disputed Mo1−xB3 composi-
tion, which is discussed in more detail for the W-B sys-
tem. At 30 GPa the hR18-MoB2 and tI16-MoB phases re-
main stable, while the previously metastable hP10-MoB4
becomes stable.
5. Tc-B
The Tc-B system contains the hP6-TcB2 (SG#194),
hP20-Tc7B3 (SG#186), and oS16-Tc3B (SG#63)
192
phases matching out calculated ground states. At 30
GPa, the oP8-TcB (SG#62) phase is seen to be stable
along with the hP10-TcB4 (SG#194) structure of the
MoB4 prototype. The ambient pressure structures re-
main stable as well at 30 GPa.
6. Ru-B
The most recent Ru-B phase diagram is in Rogl and
Schuster 82 . Among the reported hP2-RuB (SG#187)9,
hP10-Ru2B3 (SG#194)
193,194, oP6-RuB2 (SG#59)
195,
and hP20-Ru7B3 (SG#186)
196 phases, only the last one
is found to be unstable (by 57 meV/atom) in our cal-
culations. An oP38-Ru11B8 (SG#55)
82,197 phase has
also been reported, but does not appear in Massal-
ski et al. 9 and is 134 meV/atom above the tie line in
our database. At 30 GPa, hP2-RuB (SG#187), hP10-
Ru2B3 (SG#194), and the hP6-RuB2 (SG#194) phases
are stable, while hP20-Ru7B3 remains unstable (by 39
meV/atom).
7. Rh-B
The Rh-B system contains hP20-Rh7B3 (SG#186)
198,
oP12-Rh2B (SG#62)
199, hP18-Rh5B4 (SG#194)
200, and
hP4-RhB1.1 (SG#194)
198,201. The first two match our
calculated ground states. The oP12-Rh2B is found to be
unstable by 70 meV/atom and the lowest-energy struc-
ture at this composition in our database is oP6 (SG#58),
a (Pd2B prototype) metastable by 6 meV/atom. We
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constructed and simulated supercell structures of hP2
and hP4 for RhBx (0.80< x <1.285) and found all of
them to be above the tie line, e.g. the hP15-Rh8B7
derivative of hP4 is metastable by 15 meV/atom. It ap-
pears that, in contrast to the case of IrB0.9, there is no
thermodynamic force for the stable hP4-RhB phase to
go off-stoichiometry. At 30 GPa our calculations show
that hP20-Rh7B3 remains stable, hP4-RhB gives way
to oP8-RhB (SG#62), and the hP18-Rh5B4 phase at
55% metal content is replaced by a low-symmetry aP30-
Rh3B2 (SG#2) phase at 60%.
8. Pd-B
All observed compounds in the Pd-B systems are
metal-rich: Pd16B3
202, Pd6B
202, Pd5B
202, oP6-Pd2B
(SG#58)203,204, oP16-Pd3B (SG#62)
203,205, and mS28-
Pd5B2 (SG#15)
203,205. Gusev 202 discusses the consen-
sus that the three compounds with the highest Pd con-
tent are in fact disordered and ordered solid solutions of
fcc Pd. For this reason, their simulation is beyond the
scope of this study. The stability of oP16-Pd3B is con-
sistent with our DFT results. The mS28-Pd5B2 phase is
metastable in the GGA (by 8 meV/atom) but stable in
the LDA (by 4 meV/atom below the tie line defined by
oP6-Pd2B and oP16-Pd3B). While it has been demon-
strated that Pd2B is amorphous
203, the ordered oP6-
Pd2B (SG#62) phase reported by Tergenius and Lund-
stroem 204 is stable in our calculations. According to our
calculations at 30 GPa, the Pd-B system contains only
the oP16-Pd3B and mS28-Pd5B2 stable phases.
9. Ag-B
There have been reports on the formation of the AgB2
compound 102–104, but its long-term instability has been
acknowledged by Massalski et al. 9 and Islam et al. 103 .
Our DFT calculations indicate the immiscibility of Ag
and B at both 0 or 30 GPa. The hP3-AgB2 (SG#191)
phase, in particular, has a positive formation energy of
0.52 eV/atom at ambient pressure. The lowest forma-
tion energy AgB2 structure in our calculations was the
hR18 (SG#166) structure, but it still retained a position
formation energy.
10. Cd-B
No known intermediate compounds are found for the
B-Cd system9. This agrees with our convex hull which
shows all formation energies are positive.
D. Row 5 Transition metals
The 5d transitions metals are discussed below with Fig.
(8) containing the corresponding phase diagrams.
1. La-B
The La-B system contains the cP7-LaB6 (SG#221)
206
and tP20-LaB4 (SG#127) phases
207, which agrees with
this study. At 30 GPa, an additional hP8-LaB (SG#194)
phase defines the convex hull. Among the considered bi-
naries, the predicted hP8 (metal sandwich) structure18,51
is found to become stable only for LiB and LaB in the
considered pressure range.
2. Hf-B
Several compounds have been reportedly observed
in the Hf-B system: cF52-HfB12 (SG#225), hP3-
HfB2 (SG#191), cF8-HfB (SG#225), and oP8-HfB
(SG#53)151,208–210. However, Rogl and Potter 210
demonstrated that cF8-HfB is C stabilized, while oP8-
HfB is stable at high temperatures. Our calculations
show that only hP3-HfB2 is stable. The cF52-HfB12 and
cF8-HfB phases are above the tie line at 44 meV/atom
and 350 meV/atom, respectively. The lowest-energy
structure at the 1:1 composition in our database, oP8-
HfB (SG#62), is still 34 meV/atom above the tie line
agreeing with experiment210 that neither cF8 nor oP8
are stable at low temperature. hP3-HfB2 is the only cal-
culated stable phase at 30 GPa as well.
3. Ta-B
The oS8-TaB (SG#63)98, oS22-Ta5B6 (SG#65)
98,211,
oI14-Ta3B4 (SG#71)
97,98 and tP10-Ta3B2 (SG#127)
143
phases reported in the literature agree with our database.
However, we have found several discrepancies. For the
TaB2 composition hP3-TaB2 (SG#191) has been ob-
served experimentally98,99. The employed DFT approxi-
mations order the known competing structure types dif-
ferently. The GGA favors the hP12 (SG#194) struc-
ture over hR18 (SG#166) by 6 meV/atom and over
hP3 (SG#191) by 15 meV/atom, while the LDA favors
the hP3(SG#191) structure over hP12 (SG#194) by 12
meV/atom and over hR18 (SG#166) by 18 meV/atom.
The oS20-Ta2B3 (SG#63) phase is calculated to be
marginally stable (2 meV/atom below the tie line de-
fined by hP12-TaB2 and oI14-Ta3B4), but has not been
reported experimentally. See Section IV for further de-
tails. Finally, the tI12-Ta2B (SG#140) reported phase
161
is not stable in our calculations at 35 meV above the tie
line, which is consistent with Chad et al. 212 who found
it to be a high temperature phase. At 30 GPa the stable
Ta-B structures do not change from their ambient state
17
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FIG. 8: The tie lines and convex hulls of the 5d TM (La through Hg). Circles are 0 GPa calculations, triangles are 30 GPa
calculations, and diamonds are 0 GPa reported experiments. Black shapes are stable, gray shapes are unstable, and blue shapes
are marginally-stable systems. Black labels are stable Pearson symbols from this work, while red labels are the Pearson symbols
from experiment. If the label corresponds to both this work and literature the label is black. For Os-B the hP6 for ambient
pressures is stable in LDA and not GGA.
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except that hP3-TaB2 is found to be stable with both
functionals.
4. W-B
The W-rich portion of the W-B system is well es-
tablished in literature with tI12-W2B
30,41,80 and tI16-
WB30,80,186 reported both experimentally and theoret-
ically. A β phase of WB, oS8 (SG#63), has also
been reported190. The calculated stability of tI12-
W2B (SG#140) and tI16-WB (SG#141) as well as the
metastability of oS8-WB (SG#63) (by 13 meV/atom)
are consistent with these experimental observations. The
B-rich phases show less agreement between theory and
experiment. For the WB2 composition, experiments
indicate formation of the hP12 (SG#194) structure41,
while alternative hP6 (SG#194)30,80 and oP6 (SG#59)29
solutions have been proposed as lowest-energy struc-
tures theoretically. In our calculations, hP6 is stable
while the oP6 and hP12 structures are metastable by
9 meV/atom and 30 meV/atom, respectively. It is worth
noting that the previously reported W2B5 composition
is now viewed to be the hP12-WB2 phase
80. A debate
has recently sparked regarding the true composition and
structure of a known (possibly super hard)31,185 boron-
rich W-B compound, with theory (this study included)
predicting hP16-WB3 (SG#194) and experiment find-
ing hP20-WB4 (SG#194)
30,31,80,213 or hP-W1−xB3 214
(where x∼0.2 and is isotypic with hP20-WB4). The
hP16-WB3 phase can be morphed into hP20-WB4 by
inserting a B dimer that converts the 2D boron net-
work into the 3D one. Zhang et al. 28 have demonstrated
that the structures’ similarity has caused confusion in the
analysis of experimental XRD215,216 data due to all of the
WB3 XRD peaks existing in the WB4 data. In addition,
the high pressure stability of WB4
80 obfuscates com-
parison of the DFT and experimental results. Finally,
Liang et al. 32 have proposed an additional WB3 proto-
type, hR24 (SG#166), which is expected to be slightly
more energetically favorable than the previously known
hP16 structure at zero temperature, agreeing with our
calculations. Cheng et al. 217 showed that inclusion of
the vibrational entropy term to the free energy desta-
bilizes hR24 with respect to hP16 at 660-680◦C. Then
experimentally and theoretically, they demonstrated the
existence of a WB3+x phase that contains B interstitials
in the W plane voids. Within our calculations we con-
sidered both B interstitials (single and double) and W
vacancies within the hP16-WB3 phase to understand the
hP-W1−xB3 and hP-WB3+x phases and saw that both
defects increased the formation energy within a single
conventional cell.
At 30 GPa the calculated convex hull changes to hP10-
WB4, hR18-WB2, tI16-WB, and tP6-W2B. This contra-
dicts the study of Xie et al. 213 who compressed WB4
up to 60 GPa demonstrating a structural change at 42
GPa with the structure not changing phase before this
transition.
5. Re-B
The Re3B, Re7B3, ReB3, and ReB2 compositions have
been reported9,198,218,219, with ReB3 suggested theoret-
ically as unstable at ambient conditions due to a posi-
tive formation energy220. Additionally, the Re2B, ReB,
Re2B3, Re2B5, and ReB4 compositions have all been
studied with computational techniques220–223 and are
generally considered unstable or metastable220. There-
fore, from the experimental and theoretical studies it ap-
pears that oS16-Re3B (SG#53), hP20-Re7B3 (SG#186),
and hP6-ReB2 (SG#194)are the stable phases for the
Re-B system. We calculate hP6-ReB2 and oS16-Re3B
to be stable structures with the hP20-Re7B3 struc-
ture being metastable (12 meV/atom above the tie
line). A metastable hP6-ReB (SG#156) structure (at
10 meV/Atom above the tie line) consisting of alternat-
ing buckled hexagonal and closed packed B layers was
found using evolutionary search. Further hP6-ReB2 and
oS16-Re3B are stable at 30GPa in GGA and LDA.
6. Os-B
The Os-B system has three reported phases, hP2-
OsB (SG#51), hP10-Os2B3 (SG#194), and oP6-OsB2
(SG#59)194,195. At the OsB2 composition, the oP6
(SG#59) structure195 is found to be 9 meV/atom above
the hP6 (SG#194) structure that effectively lies on the
α-B↔hP10-Os2B3 tie line. The hP10-Os2B3 phase was
studied by neutron diffraction by Frotscher et al. 194 and
demonstrated to have an approximate composition of
OsB1.6. The stoichiometric structure is found to be stable
in our calculations. The obtained stability of the hP2-
OsB phase is in agreement with both the experimental9
and previous ab initio studies224 of α-OsB. The β-OsB
phase9 has only (cubic) cell parameters reported which
does not match any phases with negative formation ener-
gies in our database. The 30-GPa convex hull is defined
by the same set of phases.
7. Ir-B
Several off-stoichiometric Ir-B phases near 1:1 compo-
sition have been reported and are shown in the most re-
cent phase diagram81: hP2-IrB0.9 (SG#187) (often re-
ferred to as β-IrB), oS16-IrB0.9 (SG#36) (often referred
to as α-IrB), tI12-IrB1.1 (SG#141), and mS-IrB1.26−1.5
(SG#12)9,81,195,198,225,226. The last three have been sug-
gested to be high-temperature phases9. To investigate
the stoichiometry-dependent stabilization effect we sim-
ulated IrBx (0.875< x <1.25) phases by creating B or Ir
vacancies in hP2-IrB (SG#187) supercells. The Ir-rich
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hP15-Ir8B7 phase was indeed found to be stable ren-
dering possible Ir2B candidate compounds metastable.
Although hP4-IrB still appears below the α-B↔ hP15-
Ir8B7 tie line, a more systematic simulation of the off-
stoichiometric compounds may lead to a different out-
come. The report on synthesized Ir3B2 contained no
structural information9 and we have not observed a sta-
ble phase at this composition among the considered pro-
totypes. Application of pressure has been found to desta-
bilize the constructed hP15 off-stoichiometric phase and
only hP4-IrB is seen to be stable at 30 GPa.
8. Pt-B
Our findings raise questions about all three reported
compounds in the Pt-B system9. No structural model is
available for the tetragonal Pt3B phase
9, and the only
relevant structure at this composition in our calcula-
tions is oP16 (SG#62), Pd3B-type) that is metastable
by 18 meV/atom. The reported hP4-PtB (SG#194)9,198
phase with linear boron chains was considered in our
previous study and noted to be in poor agreement with
experiment51. The exceptionally high B-B bond length
mismatch of over 10% observed previously51 and the
positive formation energy of 55 meV/atom calculated
presently call for a more detailed study of this compound.
Our evolutionary search identified an unrelated hP4-PtB
(SG#164) phase, just 7 meV/atom above the tie line,
comprised of buckled hexagonal sheets of boron (Wyckoff
positions are in the Supplementary Materials84). Finally,
the observed Pt2B phase is reported to be hP6 (SG#194)
9, which is found in our calculations to be 68 meV/atom
above the oP6 (SG#58), Pd2B-type) structure. An or-
thorhombic PtB0.67 has also been observed experimen-
tally. Simulation of this disordered phase is outside the
scope of our study. The only stable phase, oP6-Pt2B,
obtained in our calculations at 0 GPa is replaced by a
set of hR18-PtB2, mP14-Pt5B2, and oP16-Pt3B phases
at 30 GPa. Interestingly, Pt-B is found to be the only
considered M-B binary for which the formation enthalpy
reduces with pressure. Although pressure-induced dis-
proportionation has been seen in some systems227,228 we
have not been able to identify factor(s) that make this
system special.
9. Au-B
The hP3-AuB2 (SG#191) phase was first reported
by Obrowski 102 , but Massalski et al. 9 describe it as a
metastable. In a previous study51 the authors showed
that hP3-AuB2 not only has a large positive formation
energy, but is also unstable with respect to a proposed
lower-symmetry δ-AuB2 derivative. All the considered
phases have been found to have positive formation ener-
gies at both 0- and 30-GPa pressures.
10. Hg-B
The Hg-B system contains no stable compounds9,
which is consistent with our calculations at both pres-
sures considered.
formula Hf (eV/atom) dH (meV/atom) Pearson
GGA LDA GGA LDA Sym.
Li3B14 -0.2326 -0.2453 0.0 0.0 tP136
LiB3 -0.2378 -0.2313 0.0 6.6 tP16
Li8B7 -0.1907 -0.2093 0.0 0.0 hP15
Be29B81 -0.1240 -0.1320 0.0 0.0 hP110
Na3B20 -0.0594 -0.0305 0.0 0.0 oS46
MgB7 -0.1317 -0.1444 0.0 0.0 oI64
MgB4 -0.1402 -0.1490 0.0 0.0 oP20
MgB2 -0.1321 -0.1496 0.0 0.0 oS12
AlB2 -0.0447 -0.0756 0.0 0.0 hP3
KB6 -0.0162 -0.0072 0.0 13.5 cP7
CaB6 -0.4122 -0.4098 0.0 0.0 cP7
CaB4 -0.3997 -0.4381 0.0 0.0 tP20
ScB12 -0.2105 -0.2167 0.0 0.0 cF52
ScB2 -0.8376 -0.9098 0.0 0.0 hP3
TiB2 -1.0600 -1.1425 0.0 0.4 hP3
Ti3B4 -0.9357 -1.0002 0.0 0.0 oI14
TiB -0.8358 -0.8865 0.0 0.0 oP8
VB2 -0.7402 -0.7999 0.0 0.0 hP3
V2B3 -0.7990 -0.8535 0.0 0.0 oS20
V3B4 -0.8202 -0.8708 0.0 0.0 oI14
V5B6 -0.8312 -0.8796 0.0 0.0 oS22
VB -0.8497 -0.8935 0.0 0.0 oS8
V3B2 -0.7249 -0.7604 0.0 0.0 tP10
CrB4 -0.3098 -0.3533 0.0 0.0 oP10
CrB2 -0.4206 -0.4639 0.0 0.0 hP12
CrB -0.5321 -0.5819 0.0 0.0 tI16
Cr5B3 -0.4570 -0.7147 0.0 0.0 tI32
Cr2B -0.3753 -0.4109 0.0 0.0 oF48
MnB4 -0.2971 -0.3460 0.0 0.0 mP20
MnB -0.5184 -0.5031 0.0 0.0 oP8
Mn2B -0.4338 -0.4935 0.0 0.0 oF48
FeB2 -0.3001 -0.3877 0.0 0.0 oP12
FeB -0.3802 -0.4084 0.0 14.6 tI16
Fe2B -0.3152 -0.3096 0.0 0.0 tI12
CoB -0.4006 -0.5287 0.0 0.0 oP8
Ni4B3 -0.2818 -0.3532 0.0 0.0 oP28
Ni2B -0.2916 -0.3636 0.0 0.0 tI12
Ni5B2 -0.2800 -0.3331 0.0 3.3 mS28
Ni3B -0.2640 -0.3160 0.0 0.0 oP16
SrB6 -0.4510 -0.4604 0.0 0.1 cP7
YB12 -0.2432 -0.2555 0.0 0.0 cF52
YB4 -0.5899 -0.6266 0.0 0.0 tP20
YB2 -0.5633 -0.5633 0.0 0.0 hP3
ZrB2 -0.9928 -1.0579 0.0 0.0 oS6
NbB2 -0.6961 -0.7456 0.0 0.0 hP3
Nb2B3 -0.7507 -0.7909 0.0 0.0 oS20
Nb3B4 -0.7659 0.8013 0.0 0.0 oI14
NbB -0.7745 -0.7991 0.0 0.0 oS8
Nb3B2 -0.6346 -0.6546 0.0 0.0 tP10
MoB2 -0.4366 -0.4726 0.0 0.0 hR18
MoB -0.5002 -0.5384 0.0 0.0 tI16
TcB2 -0.4409 -0.4673 0.0 0.0 hP6
Tc7B3 -0.3164 -0.3237 0.0 0.0 hP20
Tc3B -0.2677 -0.2764 0.0 0.0 oS16
RuB2 -0.2859 -0.3033 0.0 0.0 oP6
Ru2B3 -0.3337 -0.3569 0.0 0.0 hP10
RuB -0.3260 -0.3471 0.0 0.0 hP2
RhB -0.3868 -0.4108 0.0 0.0 oS8
Rh5B4 -0.3680 -0.3782 0.0 0.0 hP18
Rh7B3 -0.2488 -0.2499 0.0 5.4 hP20
Pd2B -0.2687 -0.2838 0.0 0.0 oP6
Pd3B -0.2590 -0.2913 0.0 0.0 oP16
BaB6 -0.4096 -0.4251 0.0 0.0 cP7
LaB6 -0.5637 -0.5710 0.0 0.0 cP7
LaB4 -0.5713 -0.5877 0.0 0.0 tP20
HfB2 -1.0244 -1.1097 0.0 0.0 hP3
TaB2 -0.6658 -0.7004 0.0 12.3 hP12
Ta2B3 -0.7417 -0.7944 0.0 0.0 oS20
Ta3B4 -0.7717 -0.8197 0.0 0.0 oI14
Ta5B6 -0.7884 -0.8335 0.0 0.0 oS22
TaB -0.8168 -0.8544 0.0 0.0 oS8
Ta3B2 -0.6734 -0.7048 0.0 0.0 tP10
WB3 -0.3001 -0.3194 0.0 0.0 hR24
WB2 -0.3644 -0.3854 0.0 0.0 hP6
WB -0.3679 -0.4150 0.0 0.0 tI16
W2B -0.2602 -0.2828 0.0 0.0 tI12
ReB2 -0.4287 -0.4549 0.0 0.0 hP6
Re3B -0.2028 -0.2148 0.0 0.0 oS16
Os2B3 -0.2567 -0.2743 0.0 0.0 hP10
OsB -0.2359 -0.2496 0.0 0.0 hP2
IrB -0.1982 -0.2008 0.0 4.3 hP4
Ir8B7 -0.2071 0.2058 0.0 0.0 hP15
Pt2B -0.2509 -0.2379 0.0 0.0 oP6
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TABLE II: The compounds calculated to be stable within GGA at ambi-
ent pressures with the corresponding dH of the LDA calculations. Here
dH is the stability in relation to phase separation as defined by distance
of Hf to the tie line. Compounds with dH=0 are ground states. Com-
pounds with 0< dH <20 meV/atom are termed metastable (only for
LDA). A 20 meV/atom cutoff, a typical size of the relative contribution
to the Gibbs energy from the vibrational entropy term at T ∼ 1000
K5, is chosen to distinguish between possible metastable and unstable
phases. Compounds with dH values greater than 20 meV/atom are not
included here.
formula Hf (eV/atom) dH (meV/atom) Pearson
GGA LDA GGA LDA Sym.
Li10B9 -0.1913 -0.2058 0.6 4.1 hP19
Li6B5 -0.1808 -0.2064 5.0 0.0 hP11
Be3B50 -0.0255 -0.0173 1.1 11.0 aP53
BeB2 -0.0994 — 12.8 — oP12
BeB2 -0.0991 — 13.1 — oS12
Be4B -0.0165 -0.0211 17.2 14.8 tP10
NaB6 -0.0393 -0.0258 19.3 7.1 oS28
NaB3 -0.0448 -0.0537 6.4 0.0 tP16
MgB2 -0.1302 -0.1479 1.9 1.8 hP3
MgB2 -0.1313 -0.1486 0.8 1.0 oP12
MgB -0.0892 -0.1444 9.9 0.0 hP8
MgB -0.0906 -0.1087 8.4 3.5 hR4
Mg3B2 -0.0608 -0.0771 18.5 12.6 hP5
K3B20 -0.0113 -0.0209 3.5 0.0 oS46
ScB -0.6122 — 16.0 — hP8
ScB -0.6146 -0.6634 13.6 18.9 hR4
Ti2B3 -0.9712 -1.0414 1.8 1.7 oS20
Ti5B6 -0.8961 -0.9564 3.3 2.5 oS22
TiB -0.8306 -0.8826 5.1 3.9 oS8
VB2 -0.7270 -0.7870 13.2 12.9 tI12
VB -0.8409 -0.8826 8.8 10.9 oP8
VB -0.8380 -0.8824 11.7 11.1 tI16
VB -0.8406 -0.8826 9.1 10.9 oP8
CrB4 -0.3043 -0.4276 5.5 8.2 mS20
Cr5B6 -0.4854 -0.6013 16.2 0.0 oS22
CrB -0.5224 -0.7773 9.6 10.8 oS8
Cr3B2 -0.4301 -0.7223 11.2 7.0 tP10
Cr2B -0.3744 -0.6852 1.0 0.6 tI12
MnB2 -0.3763 -0.4256 19.2 0.0 hP6
MnB4 -0.2791 — 18.0 — oI10
MnB4 -0.2888 -0.5276 8.2 18.1 oP10
MnB4 -0.2775 — 19.6 — mS5
MnB4 -0.2857 -0.5316 11.4 14.1 mS20
MnB4 -0.2954 -0.5437 1.6 2.0 oF80
MnB -0.5000 -1.0019 18.3 0.3 tI16
MnB -0.5111 — 7.3 — oS8
MnB -0.5115 -0.9952 6.9 7.1 oS8
Mn2B -0.4286 -1.1549 5.1 4.1 tI12
Mn3B -0.3063 -1.1590 19.1 0.0 oP16
Mn23B6 -0.2518 -1.0630 17.4 0.0 cF29
FeB4 -0.1698 -0.2218 10.2 10.8 oP10
FeB4 -0.1635 — 16.6 — mS30
Fe2B7 -0.1895 -0.2414 10.6 17.0 oP72
FeB -0.3746 -0.4187 5.6 4.4 oP8
FeB -0.3747 -0.4230 5.5 0.0 oS8
Fe3B -0.2183 — 18.1 — oP16
Fe3B -0.2169 — 19.5 — oS16
Fe23B6 -0.1758 — 19.8 — cF116
NiB -0.2386 -0.3044 8.0 4.6 oP8
NiB -0.2282 -0.2934 18.3 15.6 tI16
NiB -0.2414 -0.3085 5.2 0.5 oS8
Ni4B3 -0.2796 -0.3459 2.2 7.3 mS14
Ni3B2 -0.2673 — 17.4 — aP30
Ni7B3 -0.2695 -0.3252 14.0 19.3 hP20
YB -0.4032 — 19.3 — oS8
ZrB12 -0.2147 — 14.4 — tI26
Nb5B6 -0.7689 -0.8008 0.2 0.0 oS22
NbB -0.7681 -0.6546 6.4 0.0 oP8
MoB4 -0.2541 -0.2812 7.8 2.4 hP10
MoB3 -0.3086 — 18.9 — hP16
MoB3 -0.3144 — 13.0 — hR24
MoB2 -0.4338 -0.4693 2.7 3.3 hP12
MoB -0.4892 -0.5265 11.1 11.9 oS8
Tc3B -0.2582 -0.2610 9.4 15.4 oP16
RuB2 -0.2759 -0.2991 10.0 4.2 hP6
Rh8B7 -0.3609 — 14.6 — hP15
Rh2B -0.2702 — 6.0 — oP6
Rh5B2 -0.2215 -0.2234 15.4 19.7 mS28
Rh3B -0.1928 -0.1942 14.5 18.6 oP16
Rh3B -0.2018 -0.2010 5.5 11.7 oS16
Pd5B2 -0.2554 -0.2926 7.8 0.0 mS28
Pd3B -0.2444 -0.2717 14.6 19.7 oS16
Hf2B3 -0.9031 — 18.9 — oS20
TaB2 -0.6508 — 15.0 0.0 hP3
TaB2 -0.6599 -0.6943 5.9 18.3 hR18
TaB2 -0.6468 -0.7093 19.0 3.3 oP12
TaB -0.8114 -0.8482 5.4 6.2 oP8
WB4 -0.2380 -0.2673 2.1 0.0 hP10
WB3 -0.2923 -0.3109 7.8 8.5 hP16
WB2 -0.3555 -0.3773 8.9 8.1 oP6
WB2 -0.3512 -0.3719 13.2 13.5 hR9
WB -0.3541 -0.4005 13.8 14.5 oS8
W11B8 -0.3056 -0.3408 11.3 11.6 oP38
Re2B3 -0.3806 -0.4026 12.0 13.9 hP10
ReB -0.3187 — 19.6 — tI8
ReB -0.3283 -0.3448 10.0 14.1 hP6
Re7B3 -0.2201 -0.2313 9.8 12.3 hP20
Re3B -0.1865 — 16.3 — oP16
OsB2 -0.2045 -0.2240 9.4 4.6 hP6
OsB2 -0.2134 -0.2261 0.5 2.5 oP6
IrB -0.1825 — 15.8 — tP4
IrB -0.1918 -0.1967 6.4 8.5 hP2
IrB -0.1945 -0.2052 3.7 0.0 tI8
Ir5B4 -0.1817 -0.1764 15.6 6.0 hP18
Ir2B -0.1454 — 2.6 — hP6
PtB -0.1747 -0.1764 13.5 10.4 hR4
PtB -0.1815 -0.1868 6.7 0.0 hP4
Pt3B -0.1699 -0.1713 18.2 7.1 oP16
TABLE III: The compounds calculated to be metastable at ambient
pressures within GGA with the corresponding dH from LDA. Here dH
is the stability in relation to phase separation as defined by distance of Hf
to the tie line. Compounds with dH=0 are ground states. Compounds
with 0< dH <20 meV/atom are termed metastable. A 20 meV/atom
cutoff, a typical size of the relative contribution to the Gibbs energy from
the vibrational entropy term at T ∼ 1000 K5, is chosen to distinguish
between possible metastable and unstable phases. Compounds with dH
values greater than 20 meV/atom are not included here.
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VII. SUPPLEMENTAL MATERIAL
In support of the main paper this supplementary mate-
rials contains the following descriptions and datasets:
• A description of the magnetic ordering in elemental
ground state structures for selected 3d transition
metals;
• A list of compositions searched using the evolution-
ary algorithm for 0 GPa and 30 GPa (Table IV);
• A description of the high-throughput density func-
tional theory framework in MAISE;
• Full structural information of all the stable struc-
tures at 0 GPa (Table V);
• Full structural information of select metastable
structures at 0 GPa (Table VI);
• Full structural information of all the stable struc-
tures at 30 GPa (Table VII).
TABLE IV: The compositions run with evolutionary search,
excluding the Fe-B, Cr-B, and Ca-B systems studied in the
author’s previous papers4–7
Pressure: Compositions
0 GPa: BeB6 Cu4B8 Cu4B4 La8B8 LaB Mg2B12
Mg4B24 MgB6 Mn2B4 Mn4B16 Mn2B8 Os8B8
Os3B3 Os4B4 Pt2B2 Pt2B4 Pt4B4 Pt6B6
Pt3B3 Pt6B4 Rh4B4 W2B6 W2B8 W3B12
W4B12 W2B8 Zn4B4 Zn4B8 Hf8B8 Hf4B16
Ir3B2 Ir6B4 Ir9B6 Ir12B8 K4B4 K8B8
K1B1 Mo4B10 Mo8B20 Mo2B5 Mo4B12 MoB3
Mo2B6 Mo2B8 Mo4B16 MoB4 Ni4B12 Ni6B18
Ni8B24 Ni2B6 Ni8B8
30 GPa: Ba4B4 Ba4B8 Ba8B4 Be2B6 Be3B6 Be8B8
Be2B8 Be4B8 K4B4 K2B8 K2B12 K4B12
Li6B2 Li8B2 Li16B4 Li2B6 Li2B8 Li4B8
Li8B8 Li2B12 Li4B12 Li4B16 Li6B16 Li2B2
Li3B3 Na4B8 Na2B6 Na2B12 Sr4B4 Sr4B8
Sr2B12 Sr16B4 Y2B8 Y4B16 Y2B8 Cs4B4
Cs4B8
The chemical potentials of each metal at the respec-
tive pressure are determined for the calculation of the
formation enthalpy (Eqn. (1)). For the majority of these
metals the lowest energy phase was either bcc, fcc, or
hcp. However, the 3d Cr, Mn, Fe, Co, and Ni met-
als require more detailed calculations to account for the
ground state magnetic configurations. Cr is calculated
to be antiferromagnetic (AFM) in a two-atom bcc unit
cell. Fe is ferromagnetic bcc. Co is ferromagnetic hcp. Ni
is ferromagnetic fcc. The known ground state for Mn is
a large complex non-collinear distorted bcc structure1,2.
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However, due to the size and complexity of α-Mn the
energetically preferred structure of the bcc, fcc, and hcp
structures was selected. It is known that for GGA this
correctly favors an AFM fcc structure, while LDA incor-
rectly favors AFM hcp2,3. Therefore, in this work we use
the antiferromagnetic fcc structure for both GGA and
LDA (forced). We have checked that the 215 meV/atom
difference for the LDA does not affect the stability of the
Mn-rich compounds.
The high-throughput density functional theory frame-
work (implemented under the auspices of MAISE) used
to study the structures for each system performed three
geometry optimizations with progressingly strict conver-
gent criteria to allow structures determined for other sys-
tems to converge to realistic cell parameters and atomic
positions. Each optimization converged to a strain below
2-3 kbar (0.2 - 0.3 GPa) with interatomic forces below
0.01 eV/A˚. Spot checks were performed to determine
that the electronic steps converged appropriately with
the convergence criteria changed accordingly (usually in-
creased) to converge the structure.
Pearson Chemical Space a b c pos. pos.
Symbol Formula Group (A˚) (A˚) (A˚) lab. B lab. Metal
tP136 Li3B14 81 10.780 8.980 4h ( 0.05487, 0.05352, 0.85365 ) 4h ( 0.55768, 0.77620, 0.46860 )
(P4¯) 4h ( 0.41004, 0.07505, 0.70531 ) 4h ( 0.44536, 0.27053, 0.77767 )
4h ( 0.17715, 0.08413, 0.54605 ) 4h ( 0.10276, 0.39951, 0.94190 )
4h ( 0.12220, 0.14133, 0.71500 ) 4h ( 0.89907, 0.90453, 0.31271 )
4h ( 0.28506, 0.16525, 0.64910 ) 4h ( 0.05788, 0.75019, 0.12615 )
4h ( 0.28061, 0.27079, 0.96649 ) 2f ( 1
2
, 1
2
, 0.12734 )
4h ( 0.05980, 0.29879, 0.70898 ) 2g ( 0., 1
2
, 0.64786 )
4h ( 0.55712, 0.55247, 0.35240 )
4h ( 0.91222, 0.58148, 0.21330 )
4h ( 0.67733, 0.58935, 0.04288 )
4h ( 0.62567, 0.64438, 0.21862 )
4h ( 0.78548, 0.66952, 0.15316 )
4h ( 0.77912, 0.77542, 0.46643 )
4h ( 0.55708, 0.80149, 0.21057 )
4h ( 0.44546, 0.05326, 0.89412 )
4h ( 0.08923, 0.07873, 0.03996 )
4h ( 0.32487, 0.08406, 0.20616 )
4h ( 0.37873, 0.14074, 0.03445 )
4h ( 0.21581, 0.16569, 0.10007 )
4h ( 0.22154, 0.27083, 0.78357 )
4h ( 0.44268, 0.29954, 0.04108 )
4h ( 0.94257, 0.55216, 0.40171 )
4h ( 0.58824, 0.57863, 0.54114 )
4h ( 0.81963, 0.58992, 0.70597 )
4h ( 0.87365, 0.64440, 0.53305 )
4h ( 0.71347, 0.66914, 0.59851 )
4h ( 0.71972, 0.77534, 0.28446 )
4h ( 0.94052, 0.80062, 0.53904 )
tP16 LiB3 127 5.983 4.163 4e ( 0., 0., 0.29384 ) 4h ( 0.81839, 0.31839,
1
2
)
(P4/mbm) 8i ( 0.66199, 0.63471, 0. )
hP15 Li8B7 187 3.992 11.048 1a ( 0., 0., 0. ) 2i (
2
3
, 1
3
, 0.75164 )
(P6¯m2) 2g ( 0., 0., 0.85707 ) 2h ( 1
3
, 2
3
, 0.62613 )
2g ( 0., 0., 0.71417 ) 1e ( 2
3
, 1
3
, 0. )
2g ( 0., 0., 0.57139 ) 1f ( 2
3
, 1
3
, 1
2
)
2h ( 1
3
, 2
3
, 0.87618 )
hP110 Be29B81 187 9.779 9.523 6l ( 0.16494, 0.49394, 0. ) 12o ( 0.63287, 0.63501, 0.32024 )
(P6¯m2) 12o ( 0.34861, 0.99722, 0.09510 ) 6n ( 0.11334, 0.88666, 0.37200 )
6n ( 0.44640, 0.55360, 0.15235 ) 2g ( 0., 0., 0.87278 )
12o ( 0.19187, 0.00164, 0.18604 ) 3k ( 0.56211, 0.43789, 1
2
)
6n ( 0.39447, 0.60553, 0.30570 ) 3j ( 0.86739, 0.13261, 0. )
6n ( 0.22870, 0.77130, 0.40404 ) 3k ( 0.43664, 0.56336, 1
2
)
6l ( 0.83675, 0.50696, 0. )
6n ( 0.55246, 0.44754, 0.84730 )
6n ( 0.60531, 0.39469, 0.69442 )
6n ( 0.77263, 0.22737, 0.59704 )
3k ( 0.93837, 0.06163, 1
2
)
6n ( 0.87562, 0.12438, 0.65529 )
oS46 Na3B20 65 18.678 5.703 4.141 8o ( 0.82590, 0., 0.79201 ) 2a ( 0., 0., 0. )
(Cmmm) 4l ( 0., 1
2
, 0.79904 ) 4g ( 0.63624, 0., 0. )
8q ( 0.45303, 0.15586, 1
2
)
8q ( 0.38469, 0.35025, 1
2
)
8q ( 0.29766, 0.27102, 1
2
)
4h ( 0.74395, 0., 1
2
)
oI64 MgB7 74 5.973 10.466 8.111 16j ( 0.74666, 0.92214, 0.45526 ) 4e ( 0.,
1
4
, 0.36429 )
28
(Imma) 16j ( 0.15560, 0.43633, 0.16340 ) 4d ( 1
4
, 1
4
, 3
4
)
8h ( 0., 0.41770, 0.82366 )
8h ( 0., 0.33383, 0.02439 )
8h ( 0., 0.35919, 0.61519 )
oP20 MgB4 62 5.480 4.397 7.434 4c ( 0.27738,
1
4
, 0.65404 ) 4c ( 0.45260, 1
4
, 0.36237 )
(Pnma) 4c ( 0.44614, 1
4
, 0.85326 )
8d ( 0.63231, 0.55805, 0.93663 )
oS12 MgB2 63 3.075 5.328 7.054 4c ( 0., 0.16699,
1
4
) 4b ( 0., 1
2
, 0. )
(Cmcm) 4c ( 0., 0.83341, 1
4
)
hP3 AlB2 191 3.00932 3.28376 2c (
1
3
, 2
3
, 0. ) 2b ( 0., 0., 1
2
)
(P6/mmm)
cP7 KB6 221 4.233 6f ( 0.19918,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
cP7 CaB6 221 4.148 6f ( 0.20172,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
tP20 CaB4 127 7.158 4.094 4e ( 0., 0., 0.79422 ) 4g ( 0.81383, 0.31383, 0. )
(P4/mbm) 4h ( 0.58555, 0.08555, 1
2
)
8j ( 0.03599, 0.17531, 1
2
)
cF52 ScB12 225 7.412 48i (
1
2
, 0.16932, 0.16932 ) 4a ( 0., 0., 0. )
(Fm3¯m)
hP3 ScB2 191 3.145 3.526 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hP3 TiB2 191 3.033 3.229 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oI14 Ti3B4 71 13.751 3.041 3.263 4e ( 0.63171, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56439, 1
2
, 0. ) 4e ( 0.18524, 0., 0. )
oP8 TiB 62 6.120 3.054 4.568 4c ( 0.47014, 1
4
, 0.40110 ) 4c ( 0.82256, 1
4
, 0.62209 )
(Pnma)
hP3 VB2 191 2.999 3.028 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oS20 V2B3 63 3.040 18.422 2.982 4c ( 0., 0.02359,
1
4
) 4c ( 0., 0.70500, 1
4
)
(Cmcm) 4c ( 0., 0.11772, 1
4
) 4c ( 0., 0.42941, 1
4
)
4c ( 0., 0.83123, 1
4
)
oI14 V3B4 71 13.223 2.980 3.042 4e ( 0.63641, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56559, 1
2
, 0. ) 4e ( 0.18750, 0., 0. )
oS22 V5B6 65 21.234 2.977 3.047 4h ( 0.08483, 0.,
1
2
) 4g ( 0.38337, 0., 0. )
(Cmmm) 4g ( 0.27376, 0., 0. ) 4h ( 0.19428, 0., 1
2
)
4h ( 0.45915, 0., 1
2
) 2a ( 0., 0., 0. )
oS8 VB 63 3.046 8.046 2.970 4c ( 0., 0.43777, 1
4
) 4c ( 0., 0.14760, 1
4
)
(Cmcm)
tP10 V3B2 127 5.729 3.017 4g ( 0.88942, 0.38942, 0. ) 4h ( 0.67844, 0.17844,
1
2
)
(P4/mbm) 2a ( 0., 0., 0. )
oP10 CrB4 58 4.723 5.474 2.851 4g ( 0.66432, 0.63297, 0. ) 2d ( 0.,
1
2
, 1
2
)
(Pnnm) 4g ( 0.27601, 0.67926, 0. )
hP12 CrB2 194 2.912 12.849 2b ( 0., 0.,
1
4
) 4f ( 1
3
, 2
3
, 0.36156 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
4f ( 1
3
, 2
3
, 0.52463 )
tI16 CrB 141 2.921 15.693 8e ( 0., 1
4
, 0.03238 ) 8e ( 0., 1
4
, 0.57254 )
(I41/amd)
tI32 Cr5B3 140 5.440 9.958 4a ( 0., 0.,
1
4
) 4c ( 0., 0., 0. )
(I4/mcm) 8h ( 0.38218, 0.88218, 0. ) 16l ( 0.67129, 0.17129, 0.35381 )
oF48 Cr2B 70 4.215 7.351 14.595 16g (
1
8
, 1
8
, 0.75050 ) 16f ( 1
8
, 0.45970, 1
8
)
(Fddd) 16g ( 1
8
, 1
8
, 0.04211 )
mP20 MnB4 14 5.438 5.357 5.473 4e ( 0.16273, 0.63036, 0.34239 ) 4e ( 0.72927, 0.99954, 0.72270 )
(P21/c) 4e ( 0.87070, 0.68051, 0.62500 )
4e ( 0.67084, 0.86971, 0.32427 )
4e ( 0.63568, 0.18621, 0.36151 )
oP8 MnB 62 5.449 2.983 4.121 4c ( 0.46658, 1
4
, 0.88502 ) 4c ( 0.82461, 1
4
, 0.12317 )
(Pnma)
oF48 Mn2B 70 7.151 4.136 14.283 16g (
1
8
, 1
8
, 0.24892 ) 16e ( 0.29681, 1
8
, 1
8
)
(Fddd) 16g ( 1
8
, 1
8
, 0.54416 )
oP12 FeB2 62 4.816 4.807 3.740 8d ( 0.66112, 0.56930, 0.89297 ) 4c ( 0.48015,
1
4
, 0.62385 )
(Pnma)
tI16 FeB 141 2.931 14.971 8e ( 0., 1
4
, 0.53487 ) 8e ( 0., 1
4
, 0.07090 )
(I41/amd)
tI12 Fe2B 140 5.056 4.237 4a ( 0., 0.,
1
4
) 8h ( 0.66649, 0.16649, 0. )
(I4/mcm)
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oP8 CoB 62 5.164 3.066 3.924 4c ( 0.46821, 1
4
, 0.87600 ) 4c ( 0.82341, 1
4
, 0.12774 )
(Pnma)
oP28 Ni4B3 62 11.942 2.996 6.569 4c ( 0.47510,
1
4
, 0.93807 ) 4c ( 0.14876, 1
4
, 0.49308 )
(Pnma) 4c ( 0.03882, 1
4
, 0.97822 ) 4c ( 0.44998, 1
4
, 0.25081 )
4c ( 0.25718, 1
4
, 0.18427 ) 4c ( 0.70024, 1
4
, 0.61860 )
4c ( 0.87656, 1
4
, 0.83032 )
tI12 Ni2B 140 4.968 4.257 4a ( 0., 0.,
1
4
) 8h ( 0.66956, 0.16956, 0. )
(I4/mcm)
mS28 Ni5B2 15 11.315 4.505 5.147 8f ( 0.11190, 0.29730, 0.08042 ) 8f ( 0.09305, 0.11017, 0.42616 )
(C2/c) 8f ( 0.71810, 0.08044, 0.31414 )
4e ( 0., 0.58393, 1
4
)
oP16 Ni3B 62 5.178 6.624 4.384 4c ( 0.88201,
1
4
, 0.93916 ) 4c ( 0.52830, 1
4
, 0.13295 )
(Pnma) 8d ( 0.17983, 0.43734, 0.84386 )
cP7 SrB6 221 4.2001 6e ( 0.29681, 0., 0. ) 1b (
1
2
, 1
2
, 1
2
)
(Pm3¯m)
cF52 YB12 225 7.501 48i (
1
2
, 0.16889, 0.16889 ) 4a ( 0., 0., 0. )
(Fm3¯m)
tP20 YB4 127 7.112 4.028 4e ( 0., 0., 0.20309 ) 4g ( 0.31798, 0.81798, 0. )
(P4/mbm) 4h ( 0.08701, 0.58701, 1
2
)
8j ( 0.53854, 0.67601, 1
2
)
hP3 VB2 191 3.300 3.866 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oS6 ZrB2 65 3.177 5.502 3.554 4i ( 0., 0.83330, 0. ) 2c (
1
2
, 0., 1
2
)
(Cmmm)
hP3 NbB2 191 3.117 3.345 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oS20 Nb2B3 63 3.326 19.599 3.140 4c ( 0., 0.02291,
1
4
) 4c ( 0., 0.70248, 1
4
)
(Cmcm) 4c ( 0., 0.11573, 1
4
) 4c ( 0., 0.43103, 1
4
)
4c ( 0., 0.83493, 1
4
)
oI14 Nb3B4 71 14.175 3.154 3.321 4e ( 0.63202, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56424, 1
2
, 0. ) 4e ( 0.18499, 0., 0. )
oS22 Nb5B6 65 22.912 3.168 3.322 4h ( 0.08157, 0.,
1
2
) 4g ( 0.38573, 0., 0. )
(Cmmm) 4g ( 0.27244, 0., 0. ) 4h (0.19433, 0., 1
2
)
4h ( 0.46035, 0., 1
2
) 2a ( 0., 0., 0. )
oS8 NbB 63 3.313 8.788 3.179 4c ( 0., 0.44213, 1
4
) 4c ( 0., 0.14531, 1
4
)
(Cmcm)
tP10 Nb3B2 127 6.234 3.314 4g ( 0.89474, 0.39474, 0. ) 4h ( 0.67820, 0.17820,
1
2
)
(P4/mbm) 2a ( 0., 0., 0. )
hR18 MoB2 166 3.023 21.006 6c ( 0., 0., 0.33221 ) 6c ( 0., 0., 0.07586 )
(R3¯m) 6c ( 0., 0., 0.18152 )
tI16 MoB 141 3.130 17.073 8e ( 0., 1
4
, 0.53015 ) 8e ( 0., 1
4
, 0.07187 )
(I41/amd)
hP6 TcB2 194 2.904 7.472 4f (
1
3
, 2
3
, 0.95248 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
hP20 Tc7B3 186 7.516 4.870 6c ( 0.18940, 0.81060, 0.65993 ) 2b (
1
3
, 2
3
, 0.41718 )
(P63mc) 6c ( 0.87634, 0.12366, 0.74591 )
6c ( 0.54568, 0.45432, 0.45110 )
oS16 Tc3B 63 2.918 9.284 7.269 4c ( 0., 0.74349,
1
4
) 4c ( 0., 0.42423, 1
4
)
(Cmcm) 8f ( 0., 0.86531, 0.56189 )
oP6 RuB2 59 4.663 2.882 4.059 4f ( 0.55440,
1
4
, 0.63645 ) 2b ( 1
4
, 3
4
, 0.84798 )
(Pmmn)
hP10 Ru2B3 194 2.923 12.846 4f (
1
3
, 2
3
, 0.53040 ) 4f ( 1
3
, 2
3
, 0.36003 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
hP2 RuB 187 2.875 2.864 1f ( 2
3
, 1
3
, 1
2
) 1a ( 0., 0., 0. )
(P6¯m2)
oS8 RhB 63 3.387 5.868 4.163 4a ( 0., 0., 0. ) 4c ( 0., 0.66677, 1
4
)
(Cmcm)
hP18 Rh5B4 194 3.336 20.615 4f (
1
3
, 2
3
, 0.91366 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc) 4f (
1
3
, 2
3
, 0.80353 ) 4f ( 1
3
, 2
3
, 0.45243 )
4e ( 0., 0., 0.35231 )
hP20 Rh7B3 186 7.533 4.863 6c ( 0.18879, 0.81121, 0.66655 ) 2b (
1
3
, 2
3
, 0.42478 )
(P63mc) 6c ( 0.87693, 0.12307, 0.77225 )
6c ( 0.54402, 0.45598, 0.41560 )
oP6 Pd2B 58 4.786 5.161 3.161 2b ( 0., 0.,
1
2
) 4g ( 0.24622, 0.15542, 0. )
(Pnnm)
oP16 Pd3B 62 5.536 7.714 4.907 4c ( 0.38819,
1
4
, 0.93410 ) 4c ( 0.03970, 1
4
, 0.15903 )
(Pnma) 8d ( 0.67910, 0.42782, 0.82479 )
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cP7 BaB6 221 4.280 6f ( 0.20536,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
cP7 LaB6 221 4.154 6f ( 0.19971,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
tP20 LaB4 127 7.311 4.183 4e ( 0., 0., 0.79404 ) 4g ( 0.81625, 0.31625, 0. )
(P4/mbm) 4h ( 0.58848, 0.08848, 1
2
)
8j ( 0.03892, 0.17350, 1
2
)
hP3 HfB2 191 3.144 3.490 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hP12 TaB2 194 3.053 14.649 2b ( 0., 0.,
1
4
) 4f ( 1
3
, 2
3
, 0.36514 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
4f ( 1
3
, 2
3
, 0.51994 )
oS20 Ta2B3 63 3.313 19.479 3.127 4c ( 0., 0.02285,
1
4
) 4c ( 0., 0.70253, 1
4
)
(Cmcm) 4c ( 0., 0.11570, 1
4
) 4c ( 0., 0.43104, 1
4
)
4c ( 0., 0.83402, 1
4
)
oI14 Ta3B4 71 14.094 3.142 3.307 4e ( 0.63306, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56413, 1
2
, 0. ) 4e ( 0.18513, 0., 0. )
oS22 Ta5B6 65 22.767 3.156 3.306 4h ( 0.08228, 0.,
1
2
) 4g ( 0.38563, 0., 0. )
(Cmmm) 4g ( 0.27313, 0., 0. ) 4h ( 0.19434, 0., 1
2
)
4h ( 0.46041, 0., 1
2
) 2a ( 0., 0., 0. )
oS8 TaB 63 3.295 8.733 3.169 4c ( 0., 0.44052, 1
4
) 4c ( 0., 0.14541, 1
4
)
(Cmcm)
tP10 Ta3B2 127 6.212 3.305 4g ( 0.39195, 0.89195, 0. ) 4h ( 0.17700, 0.67700,
1
2
)
(P4/mbm) 2a ( 0., 0., 0. )
hR24 WB3 166 5.219 9.441 18f ( 0.66499, 0., 0. ) 6c ( 0., 0., 0.83364 )
(R3¯m)
hP6 WB2 194 2.935 7.767 4f (
1
3
, 2
3
, 0.95946 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
tI16 WB 141 3.146 17.039 8e ( 0., 1
4
, 0.53107 ) 8e ( 0., 1
4
, 0.07188 )
(I41/amd)
tI12 W2B 140 5.589 4.799 4a ( 0., 0.,
1
4
) 8h ( 0.66993, 0.16993, 0. )
(I4/mcm)
hP6 ReB2 194 2.918 7.504 4f (
1
3
, 2
3
, 0.95236 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
oS16 Re3B 63 2.909 9.410 7.373 4c ( 0., 0.74478,
1
4
) 4c ( 0., 0.42347, 1
4
)
(Cmcm) 8f ( 0., 0.86697, 0.56560 )
oP6 OsB2 59 4.7035 2.8912 4.0916 4f ( 0.05555,
1
4
, 0.63803 ) 2a ( 1
4
, 1
4
, 0.15517 )
(Pmmn)
hP10 Os2B3 194 2.943 12.933 4f (
1
3
, 2
3
, 0.03074 ) 4f ( 1
3
, 2
3
, 0.86015 )
(P63/mmc) 2c (
1
3
, 2
3
, 1
4
)
hP2 OsB 187 2.900 2.881 1f ( 2
3
, 1
3
, 1
2
) 1a ( 0., 0., 0. )
(P6¯m2)
hP4 IrB 194 3.502 3.999 2a ( 0., 0., 0. ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
hP15 Ir2B0 187 5.921 5.557 1b ( 0., 0.,
1
2
) 6n ( 0.16475, 0.83525, 0.24864 )
(P6¯m2) 3j ( 0.49831, 0.50169, 0. ) 2i ( 2
3
, 1
3
, 0.25049 )
3k ( 0.49530, 0.50470, 1
2
)
oP6 Pt2B 58 4.328 5.619 3.292 2b ( 0., 0.,
1
2
) 4g ( 0.25201, 0.16264, 0. )
(Pnnm)
TABLE V: The lattice parameters and Wyckoff positions of the stable
structures structures at P=0 GPa.
Pearson Chemical Space a b c pos. pos.
Symbol Formula Group (A˚) (A˚) (A˚) lab. B lab. Metal
oS12 BeB2 63 2.970 6.042 5.132 8f ( 0., 0.272140, 0.910730 ) 4c ( 0., 0.411560, 0.250000 )
(Cmcm)
hP8 ScB 194 3.167 12.725 2b ( 0., 0., 0.250000 ) 4f ( 1
3
, 2
3
, 0.385770 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
oS8 CrB 63 2.928 7.847 2.916 4c ( 0., 0.435490, 0.250000 ) 4c ( 0., 0.145520, 0.250000 )
(Cmcm)
oP16 Fe3B 62 5.399 6.657 4.380 4c ( 0.618100, 0.250000, 0.074840 ) 8d ( 0.824530, 0.444380, 0.351230 )
(Pnma) 4c ( 0.979660, 0.250000, 0.880390 )
tI32 Fe3B 82 8.551 4.239 8g ( 0.792340, 0.475280, 0.488150 ) 8g ( 0.641010, 0.013140, 0.490330 )
(I4¯) 8g ( 0.100750, 0.087150, 0.252190 )
8g ( 0.288140, 0.311670, 0.264780 )
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tP32 Fe3B 86 8.545 4.278 8g ( 0.704640, 0.544420, 0.976270 ) 8g ( 0.166130, 0.641380, 0.775610 )
(P42/n) 8g ( 0.112430, 0.285350, 0.979410 )
8g ( 0.532560, 0.422730, 0.235290 )
oP72 Fe2B7
8 55 16.922 10.628 2.882 4g ( 0.131780, 0.053050, 0. ) 4h ( 0.466690, 0.608390, 1
2
)
(Pbam) 4g ( 0.047780, 0.961790, 0. ) 4g ( 0.385510, 0.765770, 0. )
4g ( 0.197400, 0.391880, 0. ) 4h ( 0.221240, 0.968470, 1
2
)
4g ( 0.140570, 0.875720, 0. ) 4g ( 0.121620, 0.679480, 0. )
4h ( 0.054970, 0.401220, 1
2
)
4g ( 0.200810, 0.544590, 0. )
4h ( 0.289620, 0.787680, 1
2
)
4g ( 0.035120, 0.805880, 0. )
4g ( 0.100980, 0.475190, 0. )
4h ( 0.054020, 0.558100, 1
2
)
4h ( 0.979980, 0.287880, 1
2
)
4h ( 0.160970, 0.138830, 1
2
)
4h ( 0.280590, 0.144310, 1
2
)
4h ( 0.179790, 0.792270, 1
2
)
oS8 Ni1B1 63 2.943 7.359 2.982 4c ( 0., 0.433240, 0.250000 ) 4c ( 0., 0.147010, 0.250000 )
(Cmcm)
hR24 Mo1B3 166 5.226 9.396 18f ( 0.665110, 0., 0. ) 6c ( 0., 0., 0.834890 )
(R3¯m)
hP15 Rh8B7 164 6.537 4.403 1b ( 0., 0.,
1
2
) 6i ( 0.833660, 0.166340, 0.259540 )
(P3¯m1) 3e ( 1
2
, 0., 0. ) 2d ( 1
3
, 2
3
, 0.238790 )
3f ( 1
2
, 0., 1
2
)
hP3 Ta1B2 191 3.100 3.334 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hR18 Ta1B2 166 3.055 21.952 6c ( 0., 0., 0.334150 ) 6c ( 0., 0., 0.076630 )
(R3¯m) 6c ( 0., 0., 0.179980 )
hP16 W1B3 194 5.205 6.338 12i ( 0.334750, 0., 0. ) 2c (
1
3
, 2
3
, 0.250000 )
(P63/mmc) 2b ( 0., 0., 0.250000 )
hP6 Re1B1 156 2.891 8.875 1c (
2
3
, 1
3
, 0.361400 ) 1c ( 2
3
, 1
3
, 0.612410 )
(P3m1) 1b ( 1
3
, 2
3
, 0.780120 ) 1c ( 2
3
, 1
3
, 0.944000 )
1b ( 1
3
, 2
3
, 0.440730 ) 1b ( 1
3
, 2
3
, 0.189480 )
hP6 Ir2B1 194 2.794 10.737 2c (
1
3
, 2
3
, 0.250000 ) 4f ( 1
3
, 2
3
, 0.887880 )
(P63/mmc)
hP4 Pt1B1 164 3.107 5.657 2d (
1
3
, 2
3
, 0.913380 ) 2d ( 1
3
, 2
3
, 0.292770 )
(P3¯m1)
TABLE VI: The lattice parameters and Wyckoff positions of select
metastable structures at P=0 GPa. The oP72-Fe2B7 (SG#55) struc-
ture is attributed to Bykova and co-authors based on unpublished single
crystal X-ray diffraction data8.
Pearson Chemical Space a b c pos. pos.
Symbol Formula Group (A˚) (A˚) (A˚) lab. B lab Metal
oS28 LiB6 65 8.724 4.584 4.573 8q ( 0.16357, 0.18197,
1
2
) 4g ( 0.66518, 0., 0. )
(Cmmm) 8n ( 0., 0.68996, 0.68502 )
8o ( 0.09900, 0., 0.18894 )
tP136 Li3B14 81 10.301 8.603 4h ( 0.05566, 0.05376, 0.85206 ) 4h ( 0.55771, 0.77881, 0.47033 )
(P4¯) 4h ( 0.41115, 0.07620, 0.70386 ) 4h ( 0.44509, 0.27345, 0.77570 )
4h ( 0.17755, 0.08077, 0.54643 ) 4h ( 0.10127, 0.40024, 0.94055 )
4h ( 0.12443, 0.13992, 0.71629 ) 4h ( 0.89937, 0.90599, 0.31430 )
4h ( 0.28709, 0.16491, 0.64877 ) 4h ( 0.03607, 0.75005, 0.12755 )
4h ( 0.27973, 0.27031, 0.96543 ) 2f ( 1
2
, 1
2
, 0.12472 )
4h ( 0.06127, 0.29829, 0.71006 ) 2g ( 0., 1
2
, 0.64999 )
4h ( 0.55832, 0.55292, 0.35057 )
4h ( 0.91216, 0.58164, 0.21450 )
4h ( 0.67803, 0.58748, 0.04176 )
4h ( 0.62706, 0.64454, 0.21865 )
4h ( 0.78799, 0.67047, 0.15200 )
4h ( 0.77810, 0.77654, 0.46589 )
4h ( 0.55756, 0.80236, 0.21082 )
4h ( 0.44485, 0.05394, 0.89437 )
4h ( 0.08858, 0.07930, 0.04004 )
4h ( 0.32479, 0.08068, 0.20588 )
4h ( 0.37681, 0.13932, 0.03289 )
4h ( 0.21362, 0.16542, 0.10048 )
4h ( 0.22258, 0.27010, 0.78474 )
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4h ( 0.44208, 0.29919, 0.04015 )
4h ( 0.94127, 0.55212, 0.40500 )
4h ( 0.58775, 0.57966, 0.54161 )
4h ( 0.81839, 0.58810, 0.70705 )
4h ( 0.87177, 0.64445, 0.53338 )
4h ( 0.71113, 0.67004, 0.59969 )
4h ( 0.72031, 0.77667, 0.28513 )
4h ( 0.93920, 0.80128, 0.53881 )
tI10 LiB4 139 2.803 7.561 4d ( 0.,
1
2
, 1
4
) 2b ( 0., 0., 1
2
)
(I4/mmm) 4e ( 0., 0., 0.11163 )
hP8 LiB 194 3.012 6.843 2b ( 0., 0., 1
4
) 4f ( 1
3
, 2
3
, 0.41904 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
hP7 Li4B3 187 3.583 4.626 1a ( 0., 0., 0. ) 1f (
2
3
, 1
3
, 1
2
)
(P6¯m2) 2g ( 0., 0., 0.66658 ) 2h ( 1
3
, 2
3
, 0.75261 )
1e ( 2
3
, 1
3
, 0. )
oS12 Li2B 63 3.609 7.644 3.103 4c ( 0., 0.94992,
1
4
) 4c ( 0., 0.58826, 1
4
)
(Cmcm) 4c ( 0., 0.23172, 1
4
)
hP110 Be29B81 187 9.390 9.168 6l ( 0.16492, 0.49377, 0. ) 12o ( 0.63184, 0.63357, 0.31866 )
(P6¯m2) 12o ( 0.34599, 0.99659, 0.09614 ) 6n ( 0.11300, 0.88700, 0.37400 )
6n ( 0.44580, 0.55420, 0.15342 ) 2g ( 0., 0., 0.88385 )
12o ( 0.18960, 0.00008, 0.18725 ) 3k ( 0.56152, 0.43848, 1
2
)
6n ( 0.39497, 0.60503, 0.30768 ) 3j ( 0.87094, 0.12906, 0. )
6n ( 0.22738, 0.77262, 0.40455 ) 3k ( 0.43757, 0.56243, 1
2
)
6l ( 0.83704, 0.50771, 0. )
6n ( 0.55281, 0.44719, 0.84637 )
6n ( 0.60490, 0.39510, 0.69285 )
6n ( 0.77347, 0.22653, 0.59642 )
3k ( 0.93796, 0.06204, 1
2
)
6n ( 0.87568, 0.12432, 0.65482 )
oS28 NaB6 65 9.128 4.629 4.636 8q ( 0.16275, 0.18242,
1
2
) 4g ( 0.67429, 0., 0. )
(Cmmm) 8n ( 0., 0.69079, 0.67979 )
8o ( 0.09287, 0., 0.19157 )
tP16 NaB3 127 5.751 4.012 4e ( 0., 0., 0.29444 ) 4h ( 0.86769, 0.36769,
1
2
)
(P4/mbm) 8i ( 0.68027, 0.61453, 0. )
mP12 NaB2 10 4.224 4.366 5.583 2m ( 0.29327, 0., 0.00756 ) 2n ( 0.48524,
1
2
, 0.80050 )
(P2/m) 2n ( 0.05713, 1
2
, 0.36839 ) 2m ( 0.71097, 0., 0.42400 )
4o ( 0.03981, 0.20118, 0.16112 )
oI64 MgB7 74 5.761 9.966 7.772 16j ( 0.24870, 0.42105, 0.45500 ) 4e ( 0.,
1
4
, 0.85260 )
(Imma) 16j ( 0.65568, 0.93364, 0.16471 ) 4c ( 1
4
, 1
4
, 1
4
)
8h ( 0., 0.41719, 0.31964 )
8h ( 0., 0.33327, 0.52250 )
8h ( 0., 0.35281, 0.11065 )
oS6 MgB2 65 5.112 2.954 3.271 4h ( 0.83310, 0.,
1
2
) 2b ( 1
2
, 0., 0. )
(Cmmm)
oS12 AlB2 63 2.903 5.027 6.200 4c ( 0., 0.16697,
1
4
) 4b ( 0., 1
2
, 0. )
(Cmcm) 4c ( 0., 0.83345, 1
4
)
oS28 KB6 65 8.651 6.800 3.974 4j ( 0., 0.12538,
1
2
) 4g ( 0.19993, 0., 0. )
(Cmmm) 4h ( 0.40491, 0., 1
2
)
8n ( 0., 0.67544, 0.78606 )
8q ( 0.15509, 0.27313, 1
2
)
hP16 KB3 194 4.654 8.424 4e ( 0., 0., 0.59636 ) 4f (
1
3
, 2
3
, 0.43472 )
(P63/mmc) 6h ( 0.87107, 0.74213,
1
4
)
2d ( 1
3
, 2
3
, 3
4
)
oS8 KB 63 4.623 8.018 3.008 4a ( 0., 0., 0. ) 4c ( 0., 0.66683, 1
4
)
(Cmcm)
oS56 CaB6 63 8.378 10.185 5.303 8g ( 0.14500, 0.14011,
1
4
) 8g ( 0.70546, 0.35753, 1
4
)
(Cmcm) 8g ( 0.66855, 0.08681, 1
4
)
8e ( 0.40120, 0., 0. )
8f ( 0., 0.35706, 0.91359 )
8f ( 0., 0.05993, 0.40592 )
8f ( 0., 0.77357, 0.59081 )
oP20 CaB4 62 5.062 4.227 7.895 4c ( 0.73751,
1
4
, 0.68032 ) 4c ( 0.91869, 1
4
, 0.36820 )
(Pnma) 4c ( 0.89377, 1
4
, 0.87243 )
8d ( 0.38553, 0.44289, 0.42516 )
mS12 CaB2 12 8.500 4.173 3.908 4h ( 0., 0.30842,
1
2
) 4i ( 0.68740, 0., 0.18701 )
(C2/m) 4i ( 0.00032, 0., 0.21817 )
oI8 CaB 74 3.036 4.270 7.353 4e ( 0., 1
4
, 0.29119 ) 4e ( 0., 1
4
, 0.91354 )
(Imma)
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cF52 ScB12 225 7.138 48i (
1
2
, 0.16953, 0.16953 ) 4a ( 0., 0., 0. )
(Fm3¯m)
hP3 ScB2 191 3.030 3.356 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hP3 TiB2 191 2.948 3.097 2d (
1
3
, 2
3
, 1
2
) 1a ( 0., 0., 0. )
(P6/mmm)
oI14 Ti3B4 71 13.285 2.944 3.132 4e ( 0.63269, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56455, 1
2
, 0. ) 4e ( 0.18662, 0., 0. )
oP8 TiB 62 5.884 2.948 4.387 4c ( 0.46904, 1
4
, 0.39777 ) 4c ( 0.82377, 1
4
, 0.61949 )
(Pnma)
hP3 VB2 191 2.923 2.916 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oS20 V2B3 63 2.932 17.936 2.903 4c ( 0., 0.02365,
1
4
) 4c ( 0., 0.70552, 1
4
)
(Cmcm) 4c ( 0., 0.11775, 1
4
) 4c ( 0., 0.42933, 1
4
)
4c ( 0., 0.83093, 1
4
)
oI14 V3B4 71 12.867 2.899 2.935 4e ( 0.63678, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56553, 1
2
, 0. ) 4e ( 0.18826, 0., 0. )
oS22 V5B6 65 20.655 2.895 2.942 4h ( 0.08511, 0.,
1
2
) 4g ( 0.38284, 0., 0. )
(Cmmm) 4g ( 0.27397, 0., 0. ) 4h ( 0.19396, 0., 1
2
)
4h ( 0.45917, 0., 1
2
) 2a ( 0., 0., 0. )
oS8 VB 63 2.945 7.817 2.885 4c ( 0., 0.43705, 1
4
) 4c ( 0., 0.14855, 1
4
)
(Cmcm)
tP10 V3B2 127 5.557 2.912 4g ( 0.38896, 0.88896, 0. ) 4h ( 0.17898, 0.67898,
1
2
)
(P4/mbm) 2a ( 0., 0., 0. )
oP10 CrB4 58 4.571 5.359 2.740 4g ( 0.65793, 0.37268, 0. ) 2d ( 0.,
1
2
, 1
2
)
(Pnnm) 4g ( 0.27204, 0.31768, 0. )
hP12 CrB2 194 2.823 12.510 2b ( 0., 0.,
1
4
) 4f ( 1
3
, 2
3
, 0.36182 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
4f ( 1
3
, 2
3
, 0.52574 )
oI14 Cr3B4 71 12.708 2.867 2.824 4e ( 0.63992, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56636, 1
2
, 0. ) 4e ( 0.18718, 0., 0. )
tI16 CrB 141 2.838 15.289 8e ( 0., 1
4
, 0.03272 ) 8e ( 0., 1
4
, 0.57318 )
(I41/amd)
oS48 Cr2B 70 4.096 7.145 14.193 16g (
1
8
, 1
8
, 0.25029 ) 16f ( 1
8
, 0.95872, 1
8
)
(Fddd) 16g ( 1
8
, 1
8
, 0.54280 )
mP20 MnB4 14 5.241 5.248 5.280 4e ( 0.16458, 0.62644, 0.34251 ) 4e ( 0.73044, 0.99896, 0.72303 )
(P21/c) 4e ( 0.87374, 0.68336, 0.62035 )
4e ( 0.67318, 0.87393, 0.31983 )
4e ( 0.63491, 0.18817, 0.36114 )
oP8 MnB 62 5.250 2.903 3.993 4c ( 0.46516, 1
4
, 0.88280 ) 4c ( 0.82442, 1
4
, 0.12220 )
(Pnma)
oS48 Mn2B 70 7.151 4.136 14.283 16g (
1
8
, 1
8
, 0.24892 ) 16e ( 0.29681, 1
8
, 1
8
)
(Fddd) 16g ( 1
8
, 1
8
, 0.54416 )
oP12 FeB2 62 4.684 4.700 3.625 8d ( 0.1632, 0.56851, 0.89135 ) 4c ( 0.9774,
1
4
, 0.62248 )
(Pnma)
oP8 FeB 62 5.216 2.877 3.899 4c ( 0.9650, 1
4
, 0.87906 ) 4c ( 0.32297, 1
4
, 0.12118 )
(Pnma)
tI12 Fe2B 140 4.896 4.056 4a ( 0., 0.,
1
4
) 8h ( 0.66404, 0.16404, 0. )
(I4/mcm)
oP8 CoB 62 4.989 2.989 3.833 4c ( 0.46689, 1
4
, 0.37365 ) 4c ( 0.82415, 1
4
, 0.62817 )
(Pnma)
oS8 NiB 63 2.823 7.191 2.894 4c ( 0., 0.43166, 1
4
) 4c ( 0., 0.14782, 1
4
)
(Cmcm)
oP28 Ni4B3 62 11.576 2.905 6.366 4c ( 0.52567,
1
4
, 0.06472 ) 4c ( 0.85067, 1
4
, 0.50976 )
(Pnma) 4c ( 0.96024, 1
4
, 0.02179 ) 4c ( 0.55069, 1
4
, 0.75038 )
4c ( 0.74235, 1
4
, 0.81870 ) 4c ( 0.2996, 1
4
, 0.37976 )
4c ( 0.12396, 1
4
, 0.16742 )
tI12 Ni2B 140 4.828 4.099 4a ( 0., 0.,
1
4
) 8h ( 0.66746, 0.16746, 0. )
(I4/mcm)
oP16 Ni3B 62 5.004 6.398 4.242 4c ( 0.1164,
1
4
, 0.06145 ) 4c ( 0.4743, 1
4
, 0.87095 )
(Pnma) 8d ( 0.18205, 0.93973, 0.84502 )
oS46 Rb3B20 65 17.931 5.619 4.099 8o ( 0.82549, 0., 0.79073 ) 2a ( 0., 0., 0. )
(Cmmm) 4l ( 0., 1
2
, 0.79835 ) 4g ( 0.6488, 0., 0. )
8q ( 0.45245, 0.15327, 1
2
)
8q ( 0.38545, 0.35285, 1
2
)
8q ( 0.29731, 0.27428, 1
2
)
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4h ( 0.74303, 0., 1
2
)
mS24 RbB2 12 10.780 4.388 6.322 8j ( 0.67266, 0.31122, 0.50199 ) 4i ( 0.95429, 0., 0.79234 )
(C2/m) 4i ( 0.26803, 0., 0.64400 ) 4i ( 0.6561, 0., 0.90384 )
4i ( 0.42413, 0., 0.49359 )
oS8 RbB 63 4.833 8.381 3.035 4c ( 0., 0.4998, 1
4
) 4c ( 0., 0.16665, 1
4
)
(Cmcm)
cP7 SrB6 221 3.990 6f ( 0.20045,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
tP20 SrB4 127 6.950 4.004 4e ( 0., 0., 0.79345 ) 4g ( 0.8143, 0.3143, 0. )
(P4/mbm) 4h ( 0.58572, 0.08572, 1
2
)
8j ( 0.03738, 0.17523, 1
2
)
oI12 SrB2 71 8.158 4.202 4.021 4g ( 0., 0.19428, 0. ) 4f ( 0.3106,
1
2
, 0. )
(Immm) 4j ( 1
2
, 0., 0.21526 )
mS16 SrB 15 8.107 4.740 5.859 8f ( 0.51595, 0.09552, 0.10967 ) 8f ( 0.83238, 0.10515, 0.27992 )
(C2/c)
cF52 YB12 225 7.224 48i (
1
2
, 0.16911, 0.16911 ) 4a ( 0., 0., 0. )
(Fm3¯m)
tP20 YB4 127 6.818 3.839 4e ( 0., 0., 0.79718 ) 4g ( 0.81743, 0.31743, 0. )
(P4/mbm) 4h ( 0.58638, 0.08638, 1
2
)
8j ( 0.03979, 0.17768, 1
2
)
hP3 YB2 191 3.145 3.699 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hP3 ZrB2 191 3.075 3.422 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hP3 NbB2 191 3.035 3.232 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oS20 Nb2B3 63 3.219 19.032 3.055 4c ( 0., 0.02298,
1
4
) 4c ( 0., 0.70304, 1
4
)
(Cmcm) 4c ( 0., 0.11574, 1
4
) 4c ( 0., 0.43101, 1
4
)
4c ( 0., 0.83478, 1
4
)
oI14 Nb3B4 71 13.768 3.066 3.212 4e ( 0.63233, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56425, 1
2
, 0. ) 4e ( 0.18567, 0., 0. )
oS22 Nb5B6 65 22.233 3.076 3.216 4h ( 0.08185, 0.,
1
2
) 4g ( 0.38525, 0., 0. )
(Cmmm) 4g ( 0.27264, 0., 0. ) 4h ( 0.19404, 0., 1
2
)
4h ( 0.46029, 0., 1
2
) 2a ( 0., 0., 0. )
oS8 NbB 63 3.208 8.514 3.086 4c ( 0., 0.44142, 1
4
) 4c ( 0., 0.14631, 1
4
)
(Cmcm)
tP10 Nb3B2 127 6.032 3.197 4g ( 0.39445, 0.89445, 0. ) 4h ( 0.17902, 0.67902,
1
2
)
(P4/mbm) 2a ( 0., 0., 0. )
hP10 MoB4 194 2.849 10.781 4f (
1
3
, 2
3
, 0.45584 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc) 4f (
1
3
, 2
3
, 0.61114 )
hR18 MoB2 166 2.932 20.524 6c ( 0., 0., 0.33211 ) 6c ( 0., 0., 0.07603 )
(R3¯m) 6c ( 0., 0., 0.18179 )
tI16 MoB 141 3.048 16.618 8e ( 0., 1
4
, 0.53042 ) 8e ( 0., 1
4
, 0.07234 )
(I41/amd)
hP10 TcB4 194 2.830 10.587 4f (
1
3
, 2
3
, 0.45821 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc) 4f (
1
3
, 2
3
, 0.61497 )
hP6 TcB2 194 2.814 7.323 4f (
1
3
, 2
3
, 0.95234 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
oP8 TcB 62 5.884 2.889 4.350 4c ( 0.46961, 1
4
, 0.39377 ) 4c ( 0.81997, 1
4
, 0.61657 )
(Pnma)
hP20 Tc7B3 186 7.322 4.735 6c ( 0.18992, 0.81008, 0.66085 ) 2b (
1
3
, 2
3
, 0.41646 )
(P63mc) 6c ( 0.87693, 0.12307, 0.74399 )
6c ( 0.54498, 0.45502, 0.45234 )
oS16 Tc3B 63 2.839 9.050 7.077 4c ( 0., 0.74365,
1
4
) 4c ( 0., 0.4261, 1
4
)
(Cmcm) 8f ( 0., 0.86545, 0.56078 )
hP6 RuB2 194 2.825 7.170 4f (
1
3
, 2
3
, 0.94867 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
hP10 Ru2B3 194 2.829 12.610 4f (
1
3
, 2
3
, 0.03008 ) 4f ( 1
3
, 2
3
, 0.85966 )
(P63/mmc) 2c (
1
3
, 2
3
, 1
4
)
hP2 RuB 187 2.790 2.801 1f ( 2
3
, 1
3
, 1
2
) 1a ( 0., 0., 0. )
(P6¯m2)
oP8 RhB 62 5.485 3.240 4.106 4c ( 0.47143, 1
4
, 0.38005 ) 4c ( 0.82413, 1
4
, 0.62655 )
(Pnma)
aP30 Rh3B2 2 9.004 6.694 5.372 2i ( 0.8162, 0.37247, 0.98435 ) 2i ( 0.02889, 0.47307, 0.73905 )
(P-1) 2i ( 0.21327, 0.09004, 0.90911 ) 2i ( 0.28795, 0.8567, 0.71604 )
2i ( 0.73358, 0.76298, 0.78924 ) 2i ( 0.45011, 0.26717, 0.47596 )
2i ( 0.54756, 0.04442, 0.64581 ) 2i ( 0.51603, 0.80484, 0.03267 )
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2i ( 0.06123, 0.7707, 0.53912 ) 2i ( 0.6956, 0.56311, 0.14522 )
2i ( 0.54644, 0.52199, 0.82412 ) 2i ( 0.77314, 0.09675, 0.76981 )
2i ( 0.87223, 0.85598, 0.42828 )
2i ( 0.02452, 0.18323, 0.10039 )
2i ( 0.73846, 0.46597, 0.64959 )
hP20 Rh7B3 186 7.304 4.696 6c ( 0.18942, 0.81058, 0.66609 ) 2b (
1
3
, 2
3
, 0.42268 )
(P63mc) 6c ( 0.87704, 0.12296, 0.76378 )
6c ( 0.54359, 0.45641, 0.42524 )
mS28 Pd5B2 15 12.407 4.840 5.343 8f ( 0.11353, 0.29717, 0.07762 ) 8f ( 0.09537, 0.09884, 0.42288 )
(C2/c) 8f ( 0.71458, 0.07598, 0.30937 )
4e ( 0., 0.57728, 1
4
)
oP16 Pd3B 62 5.341 7.334 4.747 4c ( 0.38769,
1
4
, 0.93792 ) 4c ( 0.03463, 1
4
, 0.14982 )
(Pnma) 8d ( 0.68197, 0.43204, 0.83033 )
mS24 CsB2 12 10.842 4.347 6.941 8j ( 0.67302, 0.31172, 0.50303 ) 4i ( 0.96404, 0., 0.78177 )
(C2/m) 4i ( 0.27538, 0., 0.62927 ) 4i ( 0.66684, 0., 0.88551 )
4i ( 0.42367, 0., 0.49363 )
cP7 BaB6 221 4.065 6f ( 0.20216,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
cP7 LaB6 221 3.973 6f ( 0.19817,
1
2
, 1
2
) 1a ( 0., 0., 0. )
(Pm3¯m)
tP20 LaB4 127 6.981 4.001 4e ( 0., 0., 0.20506 ) 4g ( 0.31709, 0.81709, 0. )
(P4/mbm) 4h ( 0.08755, 0.58755, 1
2
)
8j ( 0.5402, 0.67546, 1
2
)
hP8 LaB 194 3.160 12.606 2b ( 0., 0., 1
4
) 4f ( 1
3
, 2
3
, 0.40261 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
hP3 HfB2 191 3.050 3.364 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
hP3 TaB2 191 3.022 3.228 2c (
1
3
, 2
3
, 0. ) 1b ( 0., 0., 1
2
)
(P6/mmm)
oS20 Ta2B3 63 3.213 18.945 3.046 4c ( 0., 0.97709,
1
4
) 4c ( 0., 0.29703, 1
4
)
(Cmcm) 4c ( 0., 0.88434, 1
4
) 4c ( 0., 0.56902, 1
4
)
4c ( 0., 0.16585, 1
4
)
oI14 Ta3B4 71 13.707 3.059 3.204 4e ( 0.63314, 0., 0. ) 2d (
1
2
, 0., 1
2
)
(Immm) 4f ( 0.56417, 1
2
, 0. ) 4e ( 0.1856, 0., 0. )
oS22 Ta5B6 65 22.138 3.069 3.207 4h ( 0.0824, 0.,
1
2
) 4g ( 0.38532, 0., 0. )
(Cmmm) 4g ( 0.27324, 0., 0. ) 4h ( 0.19417, 0., 1
2
)
4h ( 0.46035, 0., 1
2
) 2a ( 0., 0., 0. )
oS8 TaB 63 3.196 8.479 3.081 4c ( 0., 0.44001, 1
4
) 4c ( 0., 0.1461, 1
4
)
(Cmcm)
tP10 Ta3B2 127 6.024 3.194 4g ( 0.39203, 0.89203, 0. ) 4h ( 0.17777, 0.67777,
1
2
)
(P4/mbm) 2a ( 0., 0., 0. )
hP10 WB4 194 2.858 10.806 4f (
1
3
, 2
3
, 0.45529 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc) 4f (
1
3
, 2
3
, 0.61060 )
hR18 WB2 166 2.934 20.672 6c ( 0., 0., 0.33189 ) 6c ( 0., 0., 0.07656 )
(R3¯m) 6c ( 0., 0., 0.18182 )
tI16 WB 141 3.067 16.627 8e ( 0., 1
4
, 0.53113 ) 8e ( 0., 1
4
, 0.07224 )
(I41/amd)
tI12 W2B 140 5.447 4.678 4a ( 0., 0.,
1
4
) 8h ( 0.66945, 0.16945, 0. )
(I4/mcm)
hP6 ReB2 194 2.834 7.366 4f (
1
3
, 2
3
, 0.95268 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
oS16 Re3B 63 2.845 9.205 7.190 4c ( 0., 0.74541,
1
4
) 4c ( 0., 0.42483, 1
4
)
(Cmcm) 8f ( 0., 0.8664 1
8
0.56423 )
hP6 OsB2 194 2.843 7.242 4f (
1
3
, 2
3
, 0.94970 ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
hP10 Os2B3 194 2.857 12.725 4f (
1
3
, 2
3
, 0.53007 ) 4f ( 1
3
, 2
3
, 0.35988 )
(P63/mmc) 2d (
1
3
, 2
3
, 3
4
)
hP2 OsB 187 2.824 2.826 1f ( 2
3
, 1
3
, 1
2
) 1a ( 0., 0., 0. )
(P6¯m2)
hP4 IrB 194 3.448 3.806 2a ( 0., 0., 0. ) 2c ( 1
3
, 2
3
, 1
4
)
(P63/mmc)
hR18 PtB2 166 2.906 22.004 6c ( 0., 0., 0.81634 ) 6c ( 0., 0., 0.71782 )
(R3¯m) 6c ( 0., 0., 0.89102 )
mS28 Pt5B2 15 12.610 5.013 5.347 8f ( 0.11327, 0.29247, 0.07367 ) 8f ( 0.09541, 0.09679, 0.42442 )
(C2/c) 8f ( 0.71454, 0.06236, 0.30870 )
4e ( 0., 0.57262, 1
4
)
oP16 Pt3B 62 5.371 7.517 4.859 4c ( 0.89096,
1
4
, 0.43979 ) 4c ( 0.53278, 1
4
, 0.65313 )
(Pnma) 8d ( 0.18484, 0.43136, 0.32086 )
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TABLE VII: The lattice parameters and Wyckoff positions of the stable
structures at P=30 GPa.
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